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Abstract
Structural and geochronological data are used to assess the formation mechanisms of the Johannesburg Dome, 
a well-known but poorly understood regional structure central to the Kaapvaal Craton, South Africa. The 
Johannesburg Dome is nearly elliptically in map view and composed of Paleoarchean greenstone and Mesoar-
chean granitoid basement core surrounded by radial, outwardly-dipping rocks of the Meso- to Neoarchean 
Witwatersrand, Ventersdorp and Neoarchean to Paleoproterozoic Transvaal supergroups. It is generally agreed 
that the Johannesburg Dome formed by uplift of the core and tilting of the overlying sequences to their pres-
ent-day geometry. However, the doming mechanism(s) and timing(s) of exhumation are debated and call for a 
reinvestigation of the kinematic and dynamic development of Johannesburg Dome deformation fabrics as well 
as the timing of their formation. 
Two key areas along the periphery of the Johannesburg Dome were investigated to address these issues: the 
Zwartkops outlier, a dome marginal klippe of Witwatersrand Supergroup rocks where the Mesoarchean base-
ment-superstructure contact is well exposed, and the Krugersdorp Game Reserve. The Krugersdorp Game 
Reserve acts as a point of comparison with the geology at the Zwartkops outlier because it is located ~ 15 
km away from the Mesoarchean basement-superstructure contact. Three distinct deformation events are rec-
ognised at both areas; D1, occurred prior to deposition of the Transvaal Supergroup and is expressed as sub-
vertical to steeply E-W dipping bedding planes and contacts that juxtaposed lower Witwatersrand and middle 
Ventersdorp supergroups rocks. D1 possibly formed during E-W shortening. These steep N-S striking bedding 
planes were subsequently transposed into gently, W-plunging F2 folds with associated gently S-SW-dipping S2 
axial planar cleavage. This D2 event is related to top-to-the-south or SW extensional shearing that also predat-
ed deposition of the Transvaal Supergroup and is exemplified by a newly discovered 100 m-scale overturned 
recumbent F2 fold at Zwartkops. D3 post-dated deposition of the Black Reef Formation and involved N-S short-
ening that formed open, upright, gently W-plunging folds that deform basal units of the Transvaal Supergroup, 
and subvertical shear zone fabrics in the underlying Mesoarchaean basement. Type 0 fold interference is there-
fore recorded between D2 and D3 structures and Type 1 fold interference between D1 and D2 or D3 structures if 
D1 represents a period of folding. 
Geochronology is used to constrain the age of deformation and metamorphism in both Mesoarchean basement 
and rocks of the superstructure. LA-MC-ICP-MS U-Pb geochronology of magmatic zircons from Mesoarche-
an basement at the Zwartkops outlier records crystallisation age of 3225.6 ± 7.9 Ma (MSWD = 3.4) which 
agrees well with recorded ages of basement granitoids of the Johannesburg Dome. Twenty-nine 40Ar/39Ar 
step-heating ages from eleven rock types bearing synkinematic and/or syn-metamorphic white mica and biotite 
record four broad Paleoproterozoic age populations; 1) Scattered ages overlapping the deposition age of the 
Transvaal Supergroup, ~ 2196 Ma from a Mesoarchean basement rock (n = 1), ~ 2144 Ma for a shear zone (n 
= 1) in the Mesoarchean basement and ages of 2105-2090 Ma from a cover quartzite sample (n = 2). 2) 2051 
Ma from a Mesoarchean basement rock (n = 1) that overlaps well with the emplacement age of the Bushveld 
Complex, and 3 ages from 2 quartzite samples at 2044-2039 Ma, overlapping to slightly younger than the em-
placement age of the Bushveld Igneous Complex. 3) Ages overlapping that of the Vredefort Impact Structure 
(n = 9, from four samples in the Mesoarchean basement). 4) Post-Vredefort impact ages at ~1960-1935 Ma (n 
= 2). 40Ar/39Ar step-heating ages from this study do not date the deformation events at the Zwartkops outlier. 
The structural dataset from Zwartkops and the Krugersdorp Game Reserve is compared with the typical struc-
tural characteristics of well-documented structural domes. The results show that the Johannesburg Dome may 
represent a regional type 1 interference fold dome. Instead, or in addition, the importance of the initial geom-
etry of the Mesoarchean core of the dome is noted, as it could represent a paleotopographic high at Witwa-
iv
tersrand Supergroup times, which acted as a buttress, around which rocks of the superstructure were repeatedly 
indented during regional polyphase deformation. 
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zones and associated quartz stretching lineation for both sinistral and dextral shear zones in BRF quartzite 
plotted together. Pavement views of (D) dextral shear zone in BRF quartzite where S3A cleavage dragged to 
parallel shear walls. XPL photomicrographs of sheared Witwatersrand Supergroup and BRF quartzite shown 
in (E) and (F), respectively.           57
Figure 5.8: Structural map of the Zwartkops outlier. (A) The Zwartkops outlier separated into three structural 
domains corresponding to the spatial distribution of the dominant deformation event. (B) Extrapolated foliation 
trajectories based on structural strike direction of S1-S3.         59
Figure 5.9: Interpretative 3D block diagram of section A-B (section line shown in Fig. 5.8B) showing foliation 
trajectories. (A) Poles to bedding planes from Witwatersrand quartzite in domain 1. (B) Poles to bedding planes 
from domains 2 and 3 (Fig. 5.8A) scattered along an incomplete girdle in the NE-quadrant of the stereonet. 
This distribution is interpreted as incomplete transposition of S1-parallel bedding planes to S2 position. (C) 
Well-clustered F2-axial planar S2 schistosity. (D) L2A and B lineation are crenulation, intersection, mineral or 
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aggregate lineation which parallel B2 fold axes as well as scatter in orientation to the south. (E) B2 fold axis. 
(F) to (H) show structures developed in the rocks of the Transvaal Supergroup (domain 3, Fig. 5.8). F3A-folded 
bedding represented as a girdle spread in bedding orientation. Differences in S3A orientation in BRF quartzite 
and overlying Transvaal Supergroup slate show the effect of cleavage refraction between the two rock types. 
Intersection and crenulation lineation L3 parallel calculated fold axes B3.      60
Figure 5.10: Scanned block of upper cataclasite cut perpendicular to S2. Calcite-filled tension gashes in 
lithoclasts are surrounded by fine matrix carrying S2. Lower schistose trondhjemite-chlorite schist contact 
(locality JD 44, domain 2, Fig. 5.8A). (A) Polished block showing trondhjemite block surrounded partially by 
the chlorite-rich matrix. Chlorite-rich material is filling fractures in the block. (B) Scanned block of JD 44 lower 
schistose cataclasite where a chloritic aperture is surrounded by trondhjemite. (C) S2 well developed in this 
internal chlorite schist. Trondhjemite overlies amygdaloidal chlorite schist here. Chlorite schist intercalations 
are darker blue/grey on fresh surfaces and contain quartz, plagioclase and calcite lithoclasts compared to 
grey/green colouration (and presence of rounded quartz and calcite amygdales) of amygdaloidal chlorite 
schist (metabasalt).             62
Figure 5.11: Mesoarchean basement structures. (A) Vertical field photograph of Si in Mesoarchean gneissic 
granodiorite. The rock appears migmatitic in places. (B) Inclined view of steeply-SE-dipping Si carrying Li 
aggregate mineral lineation. (C) Pavement view of granodiorite cross-cut by stock-work of granitic veins, 
indicated by white arrows. (D) Vertical view of Si in gneissic granodiorite with en echelon veinlets and pinch-
and-swell structures visible. (E) XPL photomicrograph of granitic pegmatite deformed at the microscale..  63
Figure 5.12: Upright to inclined field photographs of D1 structures in domain 1 (Fig. 5.8A). (A) Steeply 
W-dipping bedding in Witwatersrand Supergroup quartzite. (B) Roughly N-S-striking bedding in Contorted 
Bed BIF (Witwatersrand Supergroup) transposed into F2 fold.        64
Figure 5.13: (A) Oblique view field photograph of S2 in Witwatersrand Supergroup pelitic schist. (B) Inclined 
view of S2 in Mesoarchean basement chlorite schist carrying L2A crenulation and L2B stretching mineral 
lineation. (C) PPL photomicrograph of Mesoarchean basement chlorite schist (JD 12, domain 2, Fig. 5.8A) 
containing remnant amygdales of quartz and calcite with S2 schistosity wrapping around (shown in the inset, 
XPL). (D) XPL photomicrograph of schistose cataclasite (locality JD 30, domain 2, Fig. 5.8A) with sericite 
comprising S2 schistosity and lithoclasts of recrystallised quartz. (E) SEM BSE image of plagioclase lithoclasts 
cross-cut by calcite-filled tension gashes. These tension gashes terminate at lithoclasts boundaries and do not 
propagate into the matrix.            65
Figure 5.14: (A) Panoramic sketch (vertical view) of the ENE-facing cliff (domain 2, Fig. 5.8A) showing 
50 m-scale, overturned recumbent F2 fold in a quartzite lens (lens 3). The panorama sketch is drawn from a 
collection of drone videos that were recorded from an orthogonal distance of 10 to 50 m with the cliff face. (B) 
A drone photograph (vertical view) shows that the quartzite lens 3 is folded. (C) Data projections show the 
bedding folded, forming an N-S-trending incomplete girdle (with bedding plotted as poles to planes). Bedding 
data in the NE quadrant of the stereonet were measured in the field from fold limbs, while those in the SE 
quadrant are from the hinge zone of the fold. The hinge line of the fold calculated as a pi axis (left) and axial 
plane calculated as the plane bisecting the interlimb angles of the two limbs (constructed as great circles – 
right). Note that the fold axial planar surface is parallel to the S2 foliation (Fig. 5.9C).    67
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Figure 5.15: dip isogons constructed for Contorted Bed BIF folds after the method of Ramsay and Huber 
(1987, p. 349). (A) Dip isogons for three folds all showing type 1b fold. Inclined to vertical views of folds used 
for dip isogon analysis indicated in (B) and (C).          68
Figure 5.16: (A) Inclined view of late D2 chevron folds in Witwatersrand Supergroup pelitic schist (locality 
JD 32, domain 2, Fig. 5.8A), B2 fold axes are roughly shallowly W-plunging. (B) Symmetrical conjugate 
contractional kink fold (vertical view) developed at the same locality. Here S2 has folded about two sets of 
conjugate kink bands (shown on the figure as axial planes 1 and 2). From this layer-parallel N-S shortening (C) 
is calculated as per the method of Ramsay and Huber (1987, p. 434). (D) XPL photomicrograph of bedding-
parallel S2 is folded in F2 chevron fold (sample viewed normal to B2). (E) Inclined view of late F2 chevron fold 
refolding S2 in Mesoarchean basement chlorite schist (locality JD 12, domain 2, Fig. 5.8A). (F) Inclined view 
of S-verging F2 chevron folds folding bedding-parallel S2 in Ventersdorp Supergroup pelitic schist (locality JD 
122, domain 1, Fig. 5.8A).            69
Figure 5.17: (A) PPL photomicrograph of folded S0 and bedding-parallel S2 in Ventersdorp Supergroup pelitic 
schist. (B) PPL photomicrograph of ferruginous pelitic schist (JD 35, domain 2, Fig. 5.8A) displaying well-
developed S2 schistosity. Pressure shadows of disseminated opaque minerals are filled by chlorite and quartz. 
(C) XPL photomicrograph of S2 in Witwatersrand Supergroup quartzite (locality JD 68, domain 2, Fig. 5.8A). 
(D) Photomicrograph in PPL light of Ventersdorp Supergroup quartz porphyry schist (JD 127, domain 1, 
Fig. 5.8A) with S2 composed of fine sericite and S2 parallel dissolution planes. Pressure shadows surrounding 
quartz porphyroclasts are composed of sericite and fine grained quartz. Sample viewed parallel to sericite 
mineral lineation L2 and perpendicular to S2.         70
Figure 5.18: (A) Inclined view of steeply S-dipping axial planar S3A cleavage developed in BRF quartzite (domain 
3, Fig. 5.8A). Here S3A is roughly perpendicular to bedding suggesting an F3A-fold hinge zone morphology. 
(B) Vertical view of north-verging F3A fold in Transvaal Supergroup slate (domain 3, Fig. 5.8A). B3 fold axis 
plunges shallowly to the west. (C) PPL photomicrograph of bedding-parallel S3A in Transvaal Supergroup 
slate (domain 3, Fig. 5.8A) weakly crenulated by moderately N-dipping S3B. Shape preferred andalusite 
parallels S3A and is crenulated. XPL inset is showing andalusite as pressure shadows about oxides. (D) PPL 
photomicrograph of Transvaal slate carrying gently S-dipping S0 and bedding-subparallel S3A. Here F3B folds 
crenulate S3A, and resultant moderately N-dipping axial planar S3B is seen. (E) F3A folding of Witwatersrand 
Supergroup quartzite located on the overturned limb of 100 m-scale recumbent F2 fold (inclined view, domain 
2, Fig. 5.8A).              73
Figure 5.19: Detailed sketch of NE-facing exposure of a decametre-scale shear zone developed in Mesoarchean 
basement gneissic granodiorite (locality JD 27, domain 2, Fig. 5.8A). Here moderately to steeply SE-, SW- and 
NW-dipping schistosity in individual shear bands carry shallowly NE-, W- and NW-plunging mineral lineation. 
These structures, where measured together are recorded on data projections, schistosity in shear bands as 
great circles and mineral lineation as dots. Orientation of foliation at specific localities is given numerically as 
dip direction and dip angle. Inclined to vertical field photographs of individual shear bands showing different 
kinematics shown (A, B and C). Pre-existing moderately-dipping schistosity, interpreted as S2 as the most 
common tectonic fabric in domain 2 (Fig. 5.8A), is re-oriented to parallel shear bands, indicating dextral 
shear sense (A) and (B). (C) Asymmetric lozenge of country rock bound by SE-dipping shear bands indicating 
a sinistral sense of shear.            76
Figure 5.20: Photomicrographs of rock sampled from within shear bands. All samples are cut parallel to 
mineral lineation and perpendicular to schistosity, exposing the XZ plane of finite strain. (A) (XPL) and 
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(D) (PPL) are from sample JD 27-2 and B (XPL) and C (XPL) from JD 27-1. (A) Internal deformation of 
quartz lithoclasts surrounded by sericite-rich shear bands. (B) Existing schistosity underlined by sericite and 
biotite re-oriented to parallel shear bands. Here apparent kinematics could be misleading when considered in 
isolation as (C) shows schistosity rotated opposite to that shown in B. (D) Dextral kinematics inferred from the 
geometry of local shear band developed in quartz lithoclasts.        79
Figure 6.1: (A) Geological map of southern Zwartkops on which ages from this study are shown. (B) 
Detailed geological scheme of the NE-dipping slope at the contact zone between Mesoarchean basement and 
superstructure (domain 2, Fig. 5.8A, outlined by the red box in (A)) and ages newly obtained for this area. 
Plateau to near-plateau 40Ar/39Ar step-heating ages represented in grey while U-Pb age is in white. Ages and 
errors (2σ) are given in millions of years (Ma). Note that all ages shown in 6.1B are also plotted in 6.1A.   41
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Figure 6.3: (A) and (B) show 40Ar/39Ar release patterns for hand-picked white micas from trondhjemite sample 
JD 28_18 and its duplicate JD 28_18_1 respectively. Cl/K spectra for sample JD 28_18 and the duplicate 
sample are shown in (C) and (D).           81
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samples), while (C) shows Cl/K release patterns for the duplicate.       82
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11. Introduction
1.1 Introduction and project outline 
Structural domes are near-elliptical structures in map view which typically show a core of older, sometimes 
highly metamorphosed rocks surrounded by an outward-dipping superstructure of younger, often 
sedimentary rocks (Eskola, 1948). These domes form in response to dynamic processes such as gravity 
(body force), tensional and compressional (applied) forces in several different tectonic settings. Domes are 
commonly formed in intraorogenic settings, where the interplay of these forces is well documented (Burg 
et al., 2004; Whitney et al., 2004). ‘Types’ of structural domes include mantled gneiss domes, magmatic 
diapirs, interference fold domes and metamorphic core complexes, where the ‘type’ of structural dome is 
linked to its formation mechanism. 
1.1.1 Preamble to the Johannesburg Dome 
The Johannesburg Dome is a well-known, yet poorly understood domal structure central to the Kaapvaal 
Craton, South Africa (Fig. 1.1A). This slightly elliptical structure, with an E-W extent of some 50 km and 
an N-S extent of some 30 km is cored by Mesoarchean basement rocks and surrounded by outwardly-
dipping supracrustal rocks of the Meso- to Neoarchean Witwatersrand, Ventersdorp and Mesoarchean to 
Paleoproterozoic Transvaal supergroups (Fig. 1.1B). This basement-superstructure geometry and outcrop 
pattern resembles that of a structural dome (Eskola, 1948). Furthermore, it is generally suggested that the 
Johannesburg Dome formed during uplift of basement granitoids, producing tilting of the overlying strata 
into their present-day radial, outwardly-dipping geometry (Anhaeusser, 1973; Hilliard, 1994; Courtnage, 
1995).
Several mechanisms of doming of the Johannesburg Dome are proposed. Anhaeusser (1973) suggested the 
Johannesburg Dome is a mantled gneiss dome formed before the deposition of the Transvaal Supergroup, 
which was continually ‘reheated’ during multiple periods of Archean magmatism. This was followed by 
a period of heating that post-dated the deposition of the Transvaal Supergroup (either through regional 
metamorphism, the cause for which is not addressed, or igneous activity such as the intrusion of the Bushveld 
Igneous Complex, Allsop, 1961), causing the Johannesburg Dome to rise and tilt supracrustal sequences rocks. 
In contrast, Hilliard (1994) suggested the timing for dome formation as post-dating the Transvaal Supergroup 
deposition during a single period of thermal uplift caused by the intrusion of the Bushveld Igneous Complex 
(BIC) ~ 30 km to the north of the Johannesburg Dome (Fig. 1.1B). In parallel, Courtnage (1995) proposed 
that uplift of the Johannesburg Dome was caused by isostatic instability on the central Kaapvaal Craton due 
to combined effects of the BIC intrusion to the north and Vredefort meteorite impact to the south. 
2Figure 1.1: (A) Map of the Kaapvaal Craton showing the position of the Johannesburg Dome (red box) within 
the Kaapvaal Craton (thick dashed polygon), adapted from Eglington and Armstrong (2004). (B) Map showing 
regional geology of the Johannesburg Dome, adapted from Alexandre et al. (2006). Solid-lined red boxes 
show study areas, the dashed red line indicates the rough extent of the Rand Anticline. Strike and dip symbols 
indicate the orientation of bedding around the Johannesburg Dome (Anhaeusser, 1973; 1:250 000 2626 
West Rand geological map, 1:50 000 2528CC Lyttelton geological map, 1: 50 000 2527DD Broederstroom 
geological map). 
31.1.2 Problem statement
While the Johannesburg Dome resembles and is described as a structural dome whose uplift was driven 
by the buoyancy of basement rocks, either as a magmatic diapir or thermally activated (Anhaeusser, 1973; 
McCarthy, 1986; Hilliard, 1994; Courtnage, 1995), there is little consensus on exactly what driving force(s) 
were at play. The formation mechanism(s) and therefore ‘type’ of structural doming (as described above) 
is poorly constrained. This classification of the Johannesburg Dome is important, as identifying structural 
doming ‘type’ and hence the driving mechanism(s) for its exhumation provides information on geodynamic 
processes active during dome formation (orogeny versus impact-related doming for example). In conjunction, 
there is no agreement upon the timing of doming relative to regional geology (pre- or post-dating the 
deposition of the Transvaal Supergroup). Clarity on both the formation mechanism(s) and timing of doming 
will aid in better understanding the tectonic evolution of the Kaapvaal Craton on which the Johannesburg 
Dome is centrally located. 
De Wit et al. (1992) argued that the amalgamation of the Kaapvaal Craton began at ~ 3700 Ma with the 
accretion of early oceanic arc terranes accompanied by multiple granitic intrusions into these mafic rocks. 
Over the next billion years, the Kaapvaal Craton experienced the collision of several blocks such as the 
Kimberley, Pietersberg, Witwatersrand and Swaziland terrains (Fig. 1.1A, summarised in Eglington and 
Armstrong, 2004; Nwaila et al., 2016). According to Robb and Meyer (1990 and summarised in Nwaila 
et al., 2016) these crustal blocks contain several granitoid massifs preserving greenstone xenoliths such 
as in the Johannesburg Dome. Immense accumulation of volcano-sedimentary sequences including the 
Witwatersrand and Ventersdorp supergroups accompanied the growth of the craton, and according to De 
Wit et al. (1992), the Kaapvaal Craton finally stabilised at ~ 2600 Ma, i.e. at the time of lower Transvaal 
Supergroup sedimentation, inferring that the Witwatersrand and Ventersdorp supergroups formed before the 
cratonisation. The timing of cratonisation is critical and has to be compared with the one for the formation 
of the Johannesburg Dome. Indeed, an age post-dating the formation of the Transvaal Supergroup for the 
rise of the Johannesburg Dome might conflict with the idea that the Kaapvaal Craton was ‘stable’ at this 
time, namely if doming invoked large-scale vertical rock displacement. Also, the central Kaapvaal Craton is 
characterised by unique occurrences including the Witwatersrand Supergroup gold fields, BIC and Vredefort 
Impact Structure (VIS, located ~ 120 km to the SW of the Johannesburg Dome, Fig. 1.1A). It is important 
to better understand the formation of the Johannesburg Dome to determine what relationship (if any) exists 
between these geological phenomena, and the overall architecture evolution through time of the central part 
of the Kaapvaal Craton.
1.1.3 Aims 
This study aims to determine the formation mechanism(s) of the Johannesburg Dome. To do this,  the basement-
superstructure relationship were mapped and investigated at two selected areas on the northern flank of the 
Johannesburg Dome in order to constrain the kinematics and timing of deformation, thus providing greater 
insight into tectonic processes active at the time of doming. Structural data acquired from the Johannesburg 
Dome will be used to compile a database that is compared to structural fingerprints of well-studied structural 
domes worldwide. Complementary to determining the formation mechanism(s) of the Johannesburg Dome, 
it’s timing of formation will be ascertained using modern geochronological techniques. These include 
40Ar/39Ar and LA-ICP-MS U-Pb age determination of synkinematic (K-bearing micas) and synmagmatic and 
migmatitic mineral phases (zircon), respectively from rocks and structures of the Johannesburg Dome. This 
geochronology will help determine the absolute timing of deformation and hence doming (if deformation 
recorded can be related to doming). 
41.1.4 Study areas
To tackle these issues, two key areas; the Zwartkops Hills outlier, a dome marginal klippe of Witwatersrand 
Supergroup rocks, and outcrops in the Krugersdorp Game Reserve located ~ 15 km to the SW of the dome, 
where deformed rocks of the West Rand Syncline occur (Fig. 1.1B, Stanistreet et al., 1986). The contact 
of the Mesoarchean basement and rocks of the superstructure are exposed at the Zwartkops Hills outlier, 
making it an ideal location to study deformation concentrated there. Here structural and geochronological 
data (40Ar/39Ar and U-Pb geochronology) are used to evaluate this basement-superstructure relationship, 
important in identifying the mechanisms and processes involved in dome formation (as discussed in section 
1.2).
The Krugersdorp Game Reserve, located in the West Rand Syncline, is described by Stanistreet et al. (1986) 
and Roering (1968) as preserving evidence of polyphase deformation both pre- and post-dating the formation 
of the Transvaal Supergroup in the supracrustal sequences of the Johannesburg Dome. Although it falls on 
the SW margin of the Johannesburg Dome, it provides an important point of comparison to the deformation 
recorded at the Mesoarchean basement core-superstructure contact at the Zwartkops Hills outlier. The two key 
areas allow for direct comparison between structure geometry, kinematics and strain intensity recorded at the 
basement-superstructure contact and further away from the contact. The study reveals at least three distinct 
phases of deformation both pre- and post-dating the deposition of the Transvaal Supergroup, that affected the 
core and superstructure of the Johannesburg Dome. These data question whether doming processes form the 
structural architecture of the Johannesburg Dome or if it is inherited from Mesoarchean and late Archean 
basement paleotopography that may have focussed regional deformation close to the Mesoarchean basement-
superstructure interface.
1.2 Structural domes in literature, formation mechanisms and structural fingerprints
The interplay of gravitational, tensile or compressive forces results in the formation of structural domes. 
Several different formation mechanisms exist, including buoyancy, either with or without the assistance of 
extensional or compressional regional deformation and folding of the crust. Structural domes formed by 
different mechanisms will display unique structural fingerprints which are used to identify and characterise 
them.  
1.2.1. Diapiric processes: mantled gneiss domes and magmatic diapirs
Gravity-driven processes are important regarding dome formation whereby crustal rocks becomes positively 
buoyant compared to the overlying rock and will ascend, a process known as diapirism. Whitney et al. (2004) 
described these domes formed by the ascent of lower crustal material as the vertical component of the flow 
of lower crustal material during orogenic processes. This type of dome is common in convergent orogenic 
tectonic settings (Burg et al., 2004).
Firstly, lower crustal material needs some impetus to ascend. Partial crustal melting, either through 
decompression during the exhumation of rocks at depth, or dehydration melting of hydrous minerals during 
burial or subduction, causes the positive buoyancy of the ascending body. A third possibility is water-fluxed 
melting, where the presence of a free aqueous phase during melting can produce voluminous melt proportions, 
only limited by the amount of a free aqueous phase in the melting system. Weinberg and Hasalová (2015) 
showed that the melts derived from water-fluxed melting can result in upper crustal granitic emplacement 
and doming. This positive buoyancy of lower crustal material compared to the host-rock directly above and 
below is the driving force for ascent (Teyssier and Whitney, 2002; Burg et al., 2004 and Whitney et al., 2004). 
Syntectonic magmatic diapirism during convergence in an orogenic system might dome the adjacent crust 
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re-ascension of the body during orogeny. This reactivated ascent is triggered by later (sometimes multiple) 
pulses of magma into the cooler pluton, providing the kinetic energy to ascent to higher crustal levels. These 
domes are referred to as mantled gneiss domes or nested diapirs (Paterson and Vernon, 1995; Burg et al., 
2004; Whitney et al., 2004).
Mantled gneiss domes contain a core-bound gneissic fabric oriented parallel to the core-supracrustal 
sequence contact and fabrics in the supracrustal sequence (Eskola, 1948, Burg et al., 2004). These domes 
display a circular to weakly elliptical geometry in map view (Fig. 1.2A; Jeřábek et al., 2012). The intrusion 
of magmatic bodies into the upper crust as magmatic domes can produce cascading folds tangentially around 
the dome with opposite sides of the dome displaying opposing kinematics (Fig. 1.3). 
Figure 1.2: A and B) Schematic diagrams of diapiric and anticlinal buckle fold and metamorphic core complex 
respectively, in both plan and sectional view, adapted from Burg et al. (2004). C) Type 0 to 3 fold interference 
patterns illustrating the geometries and orientations of the individual interfering folds and the resultant 
interference fold, adapted from Fossen (2010) after Ramsay and Huber (1987). D) A series of interference 
fold patterns in map view based on varying the orientation of intersecting angles of fold axes and axial planes 
(adapted from Fossen, 2010 after Ramsay and Huber, 1987). 
6Figure 1.3: Schematic diagram after Whitney et al. (2004) showing the core-mantling rock relationship in a 
gneissic dome. The superstructure deformed into cascading folds about the migmatitic core with structures on 
either side of the dome show opposing kinematics.
1.2.2 Extension with associated uplift: metamorphic core complexes
Domes also form in intraorogenic syn- to post-convergent extension. During burial, thermal weakening 
of the upper crust activates this extension. This extension causes gravitational instability of orogenically-
thickened crust resulting in its collapse along extensional faults and shear zones. This process occurs within 
the hinterland region of the orogen (Dewey, 1988; Andersen and Jamtveit, 1990; Andersen et al., 1991). Basal 
and hinterland-dipping thrusts within the orogenic wedge may be reactivated as normal faults during post-
orogenic extension (Andersen and Jamtveit, 1990). Exhumation of lower crustal material into this newly 
thinned upper crust will commonly form gneissic domes, as summarised by Whitney et al. (2004). 
Metamorphic core complexes form in extensional regimes in back-arc position or during orogenic extension 
as mentioned above, where a combination of tension and gravity forces results in thinning of the crust 
(Jeřábek et al., 2012). This thinning of the superstructure forms normally-faulted blocks displaying brittle 
deformation (Davis, 1983; Andersen and Jamtveit, 1990). Subsequent up-doming of the crust occurs due 
to isostatic rebound, causing the domal geometry of the complex. Domes formed in extensional regimes 
during orogenic collapse exhibit a long axis and elongate shape in map view parallel to the direction of 
extension (Jeřábek et al., 2012). Syn- to post-tectonic magmatism and structures formed at mid-pressure 
and mid-temperature are characteristic of intraorogenic domes, as seen for rocks of the Tauern Window, 
Eastern Alps (Selverstone, 1988).  Structural characteristics of metamorphic core complexes include a high-
grade metamorphic core separated from younger supracrustal rocks by low-angle detachments and mylonitic 
shear zones (Davis, 1983). These mylonitic shear zones are existing between core and superstructure often 
contain well developed kinematic indicators showing a core-up, superstructure-down sense of shear (Kisters 
et al., 2003). An elliptical shape in map view and asymmetric metamorphic zonation typify structural domes 
associated with core complexes (Fig. 1.2B; Burg et al., 2004; Jeřábek et al., 2012). An example includes the 
metamorphic core complexes of southern Arizona, USA (Davis, 1983).
71.2.3 Crustal folding 
1.2.3.1 Single phase and interference folding 
Domes are well documented to form by folding during crustal shortening (Burg et al., 2004; Jeřábek et al., 
2012), whereby the orientation of the maximum compressive forces is approximately layer-parallel, exhuming 
mid- to low-crustal material. This folding can produce a crustal-scale antiformal structure in case of a 
single phase of folding or type 1 fold interference patterns in case of polyphase deformation with horizontal 
but orthogonal shortening directions. Jeřábek et al. (2012) described these single generational antiforms 
as displaying a circular to weakly elliptical geometry in map view (Fig. 1.2A). Ramsay and Huber (1987) 
discussed the geometry of interference fold domes as being a function of the orientation and geometries of 
interfering fold phases (Fig. 1.2C). Interfering folds will produce a fold interference pattern (Fig. 1.2D) in 
plan-view based on the type (0, 1, 2 or 3) of fold interference (Fig. 1.2C). An example of a dome formed by 
type 1 interference folding is the Vrede Dome of the Damara Belt in Namibia (Maloof, 2000).
1.2.3.2 Detachment folding 
Upright detachment folding during crustal-scale shortening causes the exhumation of partially molten 
crustal material as domal structures (Lehmann et al., 2017). Usually occurring in high strain compressive 
or transpressive systems, upright anticlinal folds act as conduits in which leucogranite complexes intrude 
(Kruger and Kisters, 2016). These tabular leucogranitic sheets may intrude at high angles to the direction of 
shortening and accumulate in the fold core (e.g. in Lehmann et al., 2017). 
1.3 Interpretation of the argon step-heating geochronological method
1.3.1 The argon step-heating method
The 40Ar/39Ar step-heating method, based on the K-Ar geochronological method, allows for the age 
determination of potassium-bearing minerals. With the 40Ar/39Ar method, the relative abundances of 40Ar, 
39Ar, 37Ar and 36Ar are measured by a mass spectrometer. This measurement follows the irradiation and 
fusion of the sample and purification of the extracted argon released from the sample. The ratio of radiogenic 
argon (40Ar*) to the 39Ar produced from the irradiation of K (39ArK), is proportional to the age of the sample. 
By irradiating a standardised sample of known age (fluence monitor standard) along with the sample of 
unknown age, the ratios of 40Ar*/39ArK can be compared to determine the age of the unknown sample. 
Incremental step-heating of the sample during this method allows for the individual analysis of the argon 
released during each step (Whitney et al., 2004). This method provides more detail about the isotope 
concentrations of different diffusion domains within the solid as well as at different temperatures. When 
plotting the percentage of cumulative 39Ar released for all steps versus the 40Ar*/39ArK age for each heating 
step, a 40Ar/39Ar release pattern or age spectra is produced as described in McDougall and Harrison (1999). 
1.3.2 Using white micas to determine the age of deformation
In metapelites, deformation fabrics are commonly defined by white mica, which aligns along both planar 
and linear structures. This in conjunction with the wide stability range of white mica under metamorphic 
conditions and especially its abundance in low-grade metamorphic terrains, makes it a favourable mineral 
for dating crustal deformation. As white mica is potassium-bearing and does not easily incorporate 
excess radiogenic 40Ar into its crystal lattice; it is well suited for age determination using the 40Ar/39Ar 
geochronological technique (McDougall and Harrison, 1999). Excess radiogenic argon (40ArE) includes 
40Ar 
that is not formed from the in situ radioactive decay of 39ArK within the crystal lattice, but that has been 
introduced to the lattice by other means, such as inclusions within the crystal. White micas in deformed 
terrains commonly undergo recrystallisation, either through dynamic or static recrystallisation of primary 
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is, therefore, possible for multiple generations of white mica to be present within a deformed rock and the 
successful identification of such and their structural position in relation with fabrics in the rock sample 
will significantly influence the interpretation of acquired ages. This identification often includes detailed 
petrographic and microstructural observations of the dated material in a thin section before mica separation 
(Villa et al., 2014). 
It is essential to understand the P-T history of the deformed system when interpreting ages of white mica 
as the temperature of the deformation relative to the closure temperature of the 40Ar/39Ar geochronological 
system will dictate the ‘geological meaning’ of the age acquired (Dunlap et al., 1991). 
The closure temperature (Tc) of argon is the temperature below which no more 
40Ar*-lost via diffusion or 
through rapid annealing of a defect crystal lattice, out of the crystal lattice. Retention of argon within the 
crystal lattice occurs below this temperature (Dodson, 1973; Dunlap et al., 1991), and the relative timing 
during the system’s evolution when the temperature exceeds this Tc gives the age of cooling, deformation, 
neocrystallisation or recrystallisation (Dodson, 1973). The Tc for white mica varies because of the diffusion 
radii of sampled grains, pressure and cooling rate. The Tc for argon at higher pressure is higher than for lower 
pressure diffusion domains of the same diffusion radius (100 µm) and cooling rate (10 °C/Ma), 425 °C at 10 
kbar and 405 °C at 5 kbar respectively. An increase in both grain size (i.e. larger diffusion radii), and cooling 
rate leads to higher Tc (Fig. 1.5) (Harrison et al., 2009).
If the peak temperature of deformation is notably greater than the Tc for argon in white mica, then the age 
determined may reflect the time when the rock cooled below the Tc. If deformation is exhumation, this age may 
approximate the age of the deformation because the sample will cross the Tc isotherm during deformation. 
Alternatively, if temperatures reached during deformation are below the Tc and no recrystallisation of 
existing mica occurs, then it is possible that no significant argon loss occurred. In both cases, ages obtained 
will not record the age of deformation. Examples of obtaining a satisfactory deformation age, include those 
where complete recrystallisation takes place. However, this complete recrystallisation could also result in 
a mixed age. Mixed ages could result from an age population of primary or existing metamorphic micas 
and a secondary population of neocrystallised micas grown during the most recent deformation (Dunlap 
et al., 1991). In addition to this, Villa and Hanchar (2013) noted the usefulness of K-bearing minerals as 
hygrochronometers (which record the age of fluid events as minerals considered hygrometers show higher 
sensitivity to water than to temperature).  
91.3.3 Interpreting 40Ar/39Ar age spectra
The 40Ar/39Ar age spectra obtained from the step-heating method is a powerful tool in understanding the 
geological history of rocks, having been used for more than four decades. Early authors such as Lanphyre 
and Dalrymple (1971), Fitch et al. (1969) and Turner et al. (1966) recognised the usefulness of the shape of the 
age spectra in identifying multiple thermal events in the rock history. These include the age of crystallisation 
(cooling age) of rock as well as later metamorphism and deformation. 
1.3.3.1 Closed system behaviour
A well-known 40Ar/39Ar age spectrum shape is the plateau (Fig. 1.5A). A common explanation for the plateau 
is that the sample remained in a closed system since crystallization and as such is thermally undisturbed. In 
such cases, there is an even distribution of 40Ar and 39Ar, which is transported via volume diffusion, throughout 
the solid. There will therefore only be one age population acquired from the grain, regardless if acquired 
from the rim or core. The definition of a plateau is elusive as many different characteristics of a ‘plateau age’ 
are suggested from literature, as summarized by McDougall and Harrison (1999). A commonality in thought 
is that age steps representing at least 70 % of the total gas released should be similar at a 95% confidence 
level to be considered ‘concordant’. 
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1.3.3.2 Open system behaviour
Age spectra with shapes other than the plateau are more complex and form under open system conditions, 
where the mineral has experienced some addition or loss of 40Ar* since its crystallization (McDougall and 
Harrison, 1999). A convex-up 40Ar/39Ar release pattern is indicative of 40Ar* loss through single-site diffusion 
(Fig. 1.5B). A sample which has experienced a small degree 40Ar* loss, as a result of two separate out-gassing 
events, will yield an age spectrum whereby the higher temperature steps could be roughly concordant and 
may be within the error of the original age. Examples of separate out-gassing events include the emplacement 
of an intrusive body, an event recorded as a crystallisation age. Subsequent exhumation of the body and 
associated temperature decrease would result in the exhumation age recorded in lower temperature steps of 
the 40Ar/39Ar release pattern, as per the lower argon Tc at lower pressures after Harrison et al. (2009). The 
single site diffusion model as described by McDougall and Harrison (1999) assumes that no 40Ar* occurs at 
the boundary of a grain containing evenly distributed 39Ar. Diffusion within the grain is thermally activated, 
and all isotopes are assumed to diffuse at the same rate through the solid.  
A convex-up ‘hump-shaped’ (Villa et al., 2014) age spectrum (Fig. 1.5C) can also indicate a mixed-population 
of micas of differing ages. The youngest step in the age spectrum represents the maximum age for the 
youngest population of mica and the oldest step attributed to the minimum age of the oldest micas (Wijbrans 
and McDougall, 1986).In contrast with the single site diffusion model, 40Ar/39Ar age spectra obtained 
from samples which contain multiple diffusion domain sizes show a sigmoid form (Fig. 1.5D). This model 
extrapolates a whole 40Ar/39Ar age spectrum by combining the individual age spectra for each domain size. 
By considering the volumetric proportion of gas released from each domain size, the total gas release for the 
sample can be determined for each heat increment in the step-heating method. The shallow slope close to the 
origin of the age spectrum represents the smaller domains which contain a comparatively lower gas volume 
to that of the larger domains, which is depicted by the steeper slope of the sigmoid shaped-curve (Harrison 
et al., 2009).
Open systems are not only characterised by the loss of 40Ar* from a grain, but also by the gain of 40ArE. 
Grains which have taken up 40ArE during their diffusive history will show a concentration of 
40Ar* along 
the rim as well as in the core of the diffusion domain. 40ArE is degassed during both the initial and final 
heating steps, producing a ‘saddle-shaped’ age spectrum (Fig. 1.5E) (Harrison and McDougall, 1981). Minor 
potassium-bearing minerals such as plagioclase often produce saddle-shaped age spectra. This geometry 
is also suggested for rocks containing fluid or melt inclusions and thus associated with meteorite impacts 
(Kelley, 2002).
The shape of an age spectrum can also be used to determine if there is more than one population of the 
same mineral present. ‘Staircase-shaped’ age spectra (Fig. 1.5F) represent the mixing of two heterochemical 
mineral generations as described by Villa and Hanchar (2013) for K-feldspar as well as white mica (Villa 
et al., 2014). Mixed mineral populations can also produce flat age spectra. Villa et al. (2014) described how 
two generations of mica degassing simultaneously can produce ‘plateau’ age spectra as they both shared 
similar temperature intervals over which they degas. This simultaneous degassing produces a ‘geologically 
meaningless’ age spectrum. Emphasis is placed on the importance of detailed microstructural observations 
of the rock in thin section to adequately describe the spatial distribution of white micas relative to primary 
or deformation-related fabrics. This characterisation of the micas in the microstructures will provide some 
context if a ‘geologically meaningless’ age spectrum is acquired, where the more careful separation of size 
fractions relating to different mica generations can provide more meaningful results.   
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2. Regional geology and previous work
The rocks of the Johannesburg Dome can be separated into three categories, the Archean basement composed 
of a variety of granitoids and older supracrustal rocks into which the granitoids were emplaced, mainly mafic 
and ultramafic lavas and minor metasediments, collectively referred to as greenstones (Anhaeusser, 1973), 
and younger supracrustal units overlaying the granitoid-greenstone units (Fig. 2.1). 
2.1 Regional Geology of the Johannesburg Dome
2.1.1 Basement
Willemse (1933) classified ‘pre-granitic rock of the basement’ as either ‘basic’ or ‘acidic’ schist. The ‘basic 
schist’ includes serpentine-, amphibole- and hornblende-rich rock. This author suggested that the ‘basic 
schist’ corresponds to the metamorphosed and altered products of mafic to ultramafic protoliths such as 
dunite and harzburgite (serpentine-rich schist) as well as pyroxenite (hornblende-rich schist). Kynaston 
(1907) suggested that the ‘basic schist’ belongs to the mafic and ultramafic igneous rocks of the Swaziland 
System. Anhaeusser (1973) supported this correlation and further suggested that the basic schist is analogous 
of the layered ultramafic rocks occurring in the Onverwacht Group of the Swaziland System, presently 
exposed in the Barberton Greenstone Belt. 
Willemse (1933) described the ‘acidic schist’ as quartzitic and sericitic schist that are light-grey in colour and 
contain magnetite and tourmaline. Anhaeusser (1973) however, questioned the pre-granitic age of the ‘acidic 
schist’ as this unit occurs only along the north-western margin of the Johannesburg Dome and is not found 
within the interior of the granitic dome as is the case with the ‘basic schist’. Anhaeusser (1973) suggested that 
the protolith of the ‘acidic schist’ (Willemse, 1933) is a thin felsic volcanic unit of the Ventersdorp Supergroup 
(Fig. 2.1). Anhaeusser (1973) described the ‘acidic schist’ (Willemse, 1933) as conformably underlying the 
Black Reef Formation of the Transvaal Supergroup in the region of the Jukskei River Shear Zone along the 
northern margin of the Johannesburg Dome (Fig. 1.1). 
Basement granitoids are very varied in composition and texture (Fig. 2.1), metamorphic grade and internal 
structures. The earliest phase of magmatism described by Poujol and Anhaeusser (2001) is represented by 
3340 ± 3 Ma tonalitic rocks (now gneisses) in the northern half of the present-day exposed Johannesburg 
Dome core, followed by 3201 ± 5 Ma tonalitic gneisses in the south. The later intrusion of homogenous 
granodiorite at 3121 ± 5 Ma occurred in southern and south-eastern parts of the core with a porphyritic 
equivalent intruding into the SW at 3114 ±2.3 Ma. Poujol and Anhaeusser (2001) described a third period 
of magmatism, this time the intrusion of mafic dykes at 3117 ± 12 Ma. Finally, the intrusion of > 3114 
Ma leucocratic pegmatites cut across all older rock types (Willemse, 1933; Anhaeusser, 1973). Basement 
granitoid is older than the supracrustal sequence (Willemse, 1933) with a definite non-conformity existing 
between granitoid and the metasedimentary rock of the Witwatersrand Supergroup (Anhaeusser, 1973, 
Cheney et al. 1989). 
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Figure 2.1: Map of the Johannesburg Dome showing the Archean basement differentiated into rock types 
based on age, mineralogy and texture, adapted from Anhaeusser (1971).
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Figure 2.2: Stratigraphic columns of rocks of (A) Witwatersrand, (B) Ventersdorp and (C) Transvaal 
supergroups which comprise the superstructure of the Johannesburg Dome, adapted from Guy et al. (2010), 
Eriksson et al. (2005) and Lenhardt et al. (2012) respectively.
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2.1.2 Supracrustal units 
The supracrustal sequence is composed of rocks of the Dominion Group and Witwatersrand, Ventersdorp 
and Transvaal supergroups (Figs. 2.2A, B and C). 
2.1.2.1 Dominion Group
The 3074 ± 6 Ma (U-Pb zircon age, Armstrong et al., 1991) volcano-sedimentary Dominion Group rests non-
conformably on the Archean basement of the Kaapvaal Craton (Burke et al., 1986). The Dominion Group is 
thought to attain a maximum thickness of 2.2 km, but it is poorly exposed because it is overlain and covered 
by the Witwatersrand Supergroup (S.A.C.S., 1980). The Dominion Group consists of basal, arenaceous to 
conglomeratic rocks of the Renosterspruit Formation which are conformably overlain by the Renosterhoek 
Formation. The Renosterhoek Formation characteristically contains siliciclastic rocks interbedded with mafic 
lava flows and tuff. The dominantly felsic volcanic Syferfontein Formation comprises the upper formation of 
the Dominion Group (Burke et al., 1986). Tankard et al. (1982) inferred an extensional failed-rift setting for 
the Dominion Group rocks based on the bimodal nature of the volcanic rocks and intercalated siliciclastic 
deposits. Alternatively, Burke et al. (1986) suggested the Dominion Group was instead formed in an Andean-
type volcanic arc setting due to the calc-alkaline nature of the volcanic rocks. 
2.1.2.2 Witwatersrand Supergroup
The Witwatersrand Supergroup represents one of the world’s best-preserved late Archean sedimentary 
sequences with a depositional age of 2985 ± 14 Ma (constrained by the youngest U-Pb detrital zircon age, 
Kositcin and Krapež, 2004) to 2780 ± 3 Ma (detrital xenotime constraining the maximum age of the Central 
Rand Group, Kositcin et al., 2003; Kositcin and Krapež, 2004). The Witwatersrand Supergroup consists of the 
lower West Rand Group, a dominantly argillaceous to the arenaceous group and the overlying arenaceous to 
conglomeratic Central Rand Group. The Witwatersrand Basin covers a large central portion of the Kaapvaal 
Craton (Fig. 1.1).
The tectonosedimentary history of the Witwatersrand Basin is the subject of an ongoing debate where 
most authors (Burke et al., 1986; Tankard et al., 1982; Stanistreet and McCarthy, 1991 and De Wit et al., 
1992) suggested basin modification linked to tectonic evolution during sedimentation. Tankard et al. (1982) 
proposed an extensional origin for the basin as an intercontinental half-graben, with accommodation space 
produced during rifting (such as for the Dominion Group). On the other hand, Eriksson (1981), Burke et al. 
(1986), Stanistreet and McCarthy (1991) and De Wit et al. (1992) suggested that post-rift (rifting associated 
with Dominion Group formation) thermal subsidence or flexural subsidence initiated during tectonic loading 
are more modern analogues for basin formation at the time of West Rand Group rock deposition.
Burke et al. (1986) and De Wit et al. (1992) suggested that the Central Rand units deposited into a retro-arc 
basin formed during a Himalayan-type collision of the Kaapvaal and Zimbabwe cratons. Stanistreet and 
McCarthy (1991) further refined the retro-arc model for the deposition of the Central Rand Group, arguing 
that the deposition of lower units occurred in a foreland basin and the upper units in a retro-arc basin during 
NE-SW directed compression along the NE margin of the Kaapvaal Craton that they attributed to Kaapvaal-
Zimbabwe Craton collision. Associated with this NE-SW-directed compression is the tectonic escape of 
the central Kaapvaal Craton towards the SE. Kositcin and Krapež (2004) supported the collisional retro-
arc basin model of Stanistreet and McCarthy (1991), arguing that thin volcanic units in the Witwatersrand 
Supergroup - the Crown and Bird Lavas - are unlikely to have extruded in a foreland basin, but instead 
utilised lithospheric-scale faults associated with orogeny as conduits. Catuneanu (2001) favoured a simpler 
foreland basin model that has undergone little modification during sedimentation for the entire Witwatersrand 
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Supergroup. The author interpreted the rocks of the West Rand Group as the under-filled stage of the basin, 
thus satisfying the marine conditions for deposition. Subsequently, the Central Rand Group was interpreted 
to represent the over-filled stage (shallower water to subaerial conditions) resulting in higher energy facies. 
Several authors (Burke et al., 1986; Stanistreet and McCarthy, 1991; De Wit et al., 1992 and Hilliard and 
McCourt, 1995) associated the Andean-type collision to the north of the basin with the collision of the 
Kaapvaal and Zimbabwe cratons and formation of the Limpopo Orogen. In this model, the approach of 
the Zimbabwe Craton and associated subduction of oceanic crust below the Kaapvaal Craton would have 
produced a foreland basin. However, Brandt et al. (2018) linked the timing of collision to a ~ 2660-2610 Ma 
metamorphic event within the Limpopo Orogen (U-Pb SHRIMP zircon age, Krӧner et al., 2018). 
Stanistreet and McCarthy (1991) suggested that sediment of the Witwatersrand Supergroup formed in a 
retro-arc foreland basin of the Limpopo Orogen. However, this seems unlikely considering the timing of the 
Limpopo orogeny (reference). Schmitz et al. (2004) suggested that the main collision was not occurring in the 
north of the Kaapvaal Craton but in the west, between the Kimberley and Witwatersrand terrains (Fig. 1.1) 
at 2930-2880 Ma along an N-S striking collisional front. Schmitz et al. (2004) suggested that this orogenic 
event caused the change from low energy, deep-water deposition of the West Rand Group, to high energy, 
sub-aerial deposition of the Central Rand Group. 
2.1.2.3 Ventersdorp Supergroup
According to McCarthy (2006), the extrusion of lava of the Ventersdorp Supergroup terminated the 
sedimentation of the Witwatersrand Supergroup at 2714 ± 8 Ma (U-Pb zircon age, Armstrong et al., 1991). 
The conglomeratic Ventersdorp Contact Reef (VCR) represents the contact unit between the rocks of the 
Central Rand Group and the overlying Klipriviersberg Group (the lowermost group of the Ventersdorp 
Supergroup). The Platberg Group and Pniel Sequence containing the Allanridge and Bothaville formations 
(S.A.C.S, 1980) overlies the Klipriviersberg Group. The Ventersdorp Supergroup outcrops along the W, NW 
and SE margin of the Johannesburg Dome (Fig. 2.1). 
2.1.2.4 Transvaal Supergroup
The Transvaal Supergroup represents shallow marine, passive margin sequence (Beukes, 1987) which 
outcrops along the northern flank of the Johannesburg Dome. Here, basal rocks of the Transvaal Supergroup 
rest unconformably on Archean basement and conformably on volcanic rock of the Ventersdorp Supergroup, 
where preserved (Anhaeusser, 1973). The Transvaal Supergroup exposed in two main basins (Transvaal 
and Griqualand West basins), is composed of a variety of siliciclastic rocks, a thick carbonate succession, 
as well as a few volcanic horizons such as the Ongeluk Formation (of the Griqualand West Basin) which 
has recently been dated at 2426 Ma (U-Pb age on baddeleyite, Gumsley et al., 2017). The basal unit of 
the Transvaal Supergroup (in the Transvaal Basin) is the laterally continuous Black Reef Formation (BRF) 
consisting of intercalated sandstone and shale. The BRF is a robust marker bed estimated to be ~ 2590 Ma-
old (as summarised in Gumsley et al., 2017) as constrained by underlying 2709 ± 4 Ma felsic volcanic rock of 
the Ventersdorp Supergroup (U-Pb SHRIMP zircon age, Armstrong et al., 1991) and overlying 2588 ± 7 Ma 
Chuniespoort Group (U-Pb zircon age, Martin et al., 1998). Cheney et al. (1989) described regional erosional 
unconformity V3 at ~ 2700 Ma as the depositional hiatus before BRF formation. Rocks of the Transvaal 
Supergroup were intruded by the Rustenburg Layered Suite of the Bushveld Igneous Complex (BIC) at 2055 
Ma (U-Pb zircon age, Zeh et al., 2015) which also defines the minimum age for the Pretoria Group of the 
Transvaal Supergroup (e.g. Mapeo et al., 2006). 
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2.2 Deformation and metamorphic record of the Johannesburg Dome region
There have been many studies regarding the deformation in and around the Johannesburg Dome area due to 
a long history of gold prospecting. McCarthy (2006) grouped several stages of deformation as either ‘syn-
Witwatersrand’, ‘middle Ventersdorp’ or ‘post-Transvaal’, referring to the deposition of these supracrustal 
sequences. These are divided here rather into deformation events that pre-dated the deposition of the Transvaal 
Supergroup, which include McCarthy’s (2006) ‘syn-Witwatersrand’ and ‘middle Ventersdorp’ deformation 
events, and deformation events that post-dated the Transvaal Supergroup deposition.  
2.2.1 Deformation pre-dating the deposition of the Transvaal Supergroup
‘Syn-Witwatersrand’ deformation (deformation that affected rocks of the Witwatersrand Supergroup as it 
was being deposited) is described as regional-scale horizontal shortening during the development of a retro-
arc foreland basin suggested having formed in a classic Andean-type convergent setting, into which the 
sediments of the Central Rand Group were deposited. This deformation resulted in the formation of several 
unconformity-bound domains which are characterised by tilting, thrusts directed inwards towards the centre 
of the basin and internal sedimentary folding (McCarthy, 2006; Myers et al., 1990). During McCarthy’s 
(2006) ‘middle Ventersdorp’ period of deformation, thrust faults formed during the ‘syn-Witwatersrand’ 
deformation were reactivated as normal faults during a period of extension (Roering et al., 1990). Roering 
et al. (1990) reported that the normal faulting observed within the rocks of the Witwatersrand Basin is 
multidirectional, suggesting that the faulting occurred due to stretching in response to uplift, although 
mechanisms causing this uplift and extension are not discussed. 
Succeeding this period of extension, the Kaapvaal Craton experienced north-south oriented compression 
(Fripp and Gray, 1972; Roering and Smit, 1987), manifesting as N-directed thrusting and structures showing 
top-to-the-north kinematics. This deformation is recorded in the rocks of the Zwartkops Hills (Roering, 
1984), the Northcliff Promontory (Hilliard and McCourt, 1995), the Jukskei River Shear Zone (Hilliard, 
1994) (Fig. 1.1) as well as the Main Bird quartzite of the Central Rand Group (Roering and Smit, 1987). Fripp 
and Gray (1972) reported N-S oriented extension followed by N-S directed shortening in Hospital Hill Group 
rocks. All these authors suggested that the timing for the N-S shortening and N-directed thrusting pre-dated 
the deposition of the Transvaal Supergroup, although Roering et al. (1990) refined the timing of this event to 
post-dating the formation of the Pniel Group (Ventersdorp Supergroup), but pre-dating the deposition of the 
Transvaal Supergroup rocks.  
2.2.2 Deformation post-dating the deposition of the Transvaal Supergroup
McCarthy’s (2006) third period of deformation named the ‘post-Transvaal’ deformation regroups several 
regional-scale unrelated geological events, such as the intrusion of the BIC and the formation of the Vredefort 
Impact Structure (VIS). Apart from these two major geological events, the rocks of the Transvaal Supergroup 
record several stages of deformation (McCarthy et al., 1986; Courtenage, 1996; Bumby et al., 1998; Gibson 
et al., 1999; Alexandre et al., 2006; McCarthy, 2006).   
North of the Johannesburg Dome, sedimentary rocks of the Pretoria Group (Transvaal Supergroup) have 
been deformed in an area surrounding the Rustenburg Fault (Fig. 2.3) (Bumby et al., 1998). Bumby et al. 
(1998) suggested that the region recorded two separate compressional events which pre-date the intrusion of 
the BIC. The first compressive event D1 is characterised by NE-SW horizontal shortening, producing upright 
open folds F1. The second is an NNW-SSE horizontal contraction that refolded F1 folds and reactivated 
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the post-Bushveld (as summarised in Bumby et al., 1998) Rustenburg Fault, producing dextral strike-slip 
movement along the fault. These authors interpreted the Crocodile River, Denilton and Marble Hall domes as 
inliers of Pretoria Group rock within the BIC (Fig. 2.3), which formed as the result of F1-F2 fold interference. 
The intrusion of the BIC itself deformed the adjacent rock of the Transvaal Supergroup due to the negative 
buoyancy of cooled BIC rocks concerning underlying crustal rocks. The thermal subsidence of the BIC tilted 
the surrounding rocks by up to 20º dip, towards the centre of the BIC, i.e. north-dipping in the northern rim 
of the Johannesburg Dome (Bumby et al., 1998). 
Alexandre et al. (2006) dated mesoscale folds and cleavages within slate and phyllite of the Transvaal 
Supergroup. 40Ar/39Ar geochronological analyses carried out on syn-kinematic white micas from phyllites 
located along the NW margin of the Johannesburg Dome produced an age of 2042.1 ± 2.9 Ma. Alexandre 
et al. (2006) interpreted this age to represent an orogenic event termed the Transvaalide Orogeny. An older 
40Ar/39Ar age of ~2150 Ma was obtained from white micas from phyllite during the same study further west 
of the Johannesburg Dome, but the geological significance of this age is unclear.
Figure 2.3: Map of the BIC showing the positions of the Rustenburg Fault along with the Crocodile River, De-
nilton and Marble Hall domes as inliers of Pretoria Group rock within the BIC, adapted from Eriksson (1995) 
and (Bumby et al., 1998).
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The VIS located ± 120 km to the SW of the Johannesburg Dome was formed due to a meteorite impact at 
2023 ± 4 Ma (U-Pb zircon age, Kamo et al., 1996). This meteorite impact strongly modified the structures 
of the rocks located south of the Johannesburg Dome region. The impact formed a dome cored by Archean 
rocks and surrounded by an overturned collar of Dominion Group, Witwatersrand, Ventersdorp and 
Transvaal Supergroup rocks (Reimold and Gibson, 1996). These rocks comprising the VIS contain specific 
indicators of shock, pressure and temperature consistent with that of an impact. These include shattercone, 
pseudotachylyte, a variety of polylithic and monolithic breccia as well as shock metamorphic microstructures 
in quartz (Reimold and Gibson, 1996). A synclinorium of alternating anticlines and synclines are developed 
concentrically around the VIS (see, e.g. McCarthy, 2006 and references therein). 
In addition, McCarthy et al. (1986) described extensive folding of the BRF.  NE to NW-trending, open to 
overturned, broadly N-verging folds of the Black Reef and penetrative S-dipping cleavage (with a shallower 
dip than axial planes of the N-verging folds) interpreted as being tangential to the VIS, and thus a genetic 
link was proposed. A detailed study of Transvaal Supergroup rock by Courtnage (1996) between the 
northern margin of the Johannesburg Dome and southern margin of the BIC revealed at least four periods 
of deformation post-dating the deposition of the Transvaal Supergroup. S-verging penetrative cleavage in 
lower Transvaal Supergroup argillite is interpreted to represent a top-to-the-north movement. This cleavage 
was overprinted by S-dipping penetrative cleavages and bedding sub-parallel shear zones indicative of top-
to-the-north motion thought by McCarthy et al. (1986) to be an effect of the VIS. A third deformation 
event producing N-dipping thrusts and fold axial planes is thought to have resulted from post-VIS isostatic 
readjustment. N-S-striking strike-slip faults represent the fourth deformation event.
On the northern rim of the Johannesburg Dome, Gibson et al. (1999) attributed the formation of cleavage, 
lineation, mesoscale folds and bedding-parallel shear within the Black Reef quartzite and dolomite of 
the Chuniespoort Group to VIS-associated N-directed thrusting. This interpretation contrasts with the 
Transvaalide orogeny interpretation of Alexandre et al. (2006) for similarly N-verging structures in the rocks 
of the Transvaal Supergroup in the same region. NW-directed thrusting associated with the formation of the 
Namaqua-Natal Belt around 1300 - 1000 Ma (Eglington and Armstrong, 2003) is summarised by McCarthy 
(2006), as being manifested within the metasedimentary rocks of the Witwatersrand Basin. 
The rocks of the Transvaal Supergroup are also folded in regional-scale into NE-SW trending anticlinal 
structures with a ~ 90 km wavelength (Fig. 2.4). One expression of this folding event is the Rand Anticline that 
runs through the Johannesburg Dome (Fletcher and Reimold, 1989). The Rand Anticline includes a core of 
Mesoarchean basement rocks and marks the northernmost extent of the present-day exposed Witwatersrand 
Basin (Reimold and Gibson, 2006). Fletcher and Reimold (1989) suggested that the Rand Anticline represents 
a period of crustal warping and subsequent stratigraphic thinning that was active before, during and after 
the formation of the Ventersdorp Supergroup. These authors suggested that ‘continual folding’ occurred 
contemporaneously with the deposition of the Transvaal Supergroup, a suggestion supported by Martin et al. 
(1990) who proposed that the Rand Anticline was active during the deposition of the Chuniespoort Group. 
The exact timing and origin of the Rand Anticline, however, remain poorly constrained.
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Figure 2.4: Map adapted from Fletcher and Reimold (1989) showing the Rand Anticline and its axial trace. 
Similarly-oriented anticlinal structures, the Swartruggens and Chuniespoort anticlines are also indicated. 
2.2.3 Metamorphic record of the Johannesburg Dome
Rocks around the Johannesburg Dome are metamorphosed to greenschist facies with pressure-temperature 
(P-T) estimates of 2-3 kbar and ± 350ºC (Phillips, 1987). Witwatersrand Supergroup pelites record mid-
amphibolite facies metamorphism within the collar of the VIS with peak P-T conditions of ± 5 kbar and 
570-600ºC interpreted by Gibson and Wallmach (1995) as related to the formation of the BIC. Subsequently, 
a period of high T, low P metamorphism of 500-530ºC and ± 3.5 kbar affected these collar rocks and 
was attributed to the meteorite impact at Vredefort. Higher pressures up to 120 kbar are recorded in the 
Mesoarchean core of VIS and linked to the impact (Gibson and Wallmach, 1995). The intrusion of the BIC 
and the formation of the VIS are also suspected of having contributed to hydrothermal activity and heat 
production in the surrounding rocks (Frimmel, 1994). 
2.2.4 Regional unconformities 
The works of Cheney et al. (1990) and Tau (2018, unpublished honours thesis) refer to regional unconformity 
between Mesoarchean basement and Transvaal Supergroup BRF (termed the Archean-Proterozoic Boundary 
- APB) as seen along the northern margin of the Johannesburg Dome (Jukskei River Shear Zone) where a 
clear angular unconformity exists between these two rock types (Fig. 2.5). Tau (2018, unpublished honours 
thesis) described Mesoarchean basement (now represented as quartz-sericite schist carrying steep S-dipping 
schistosity and down-dip mineral lineation) overlain by gently folded BRF quartzite whose fold envelope 
dips gently to the north. Local folding of the BRF and subsequent crenulation of early schistosity in quartz-
sericite schist is attributed to reactivation along the Jukskei River Shear Zone (top-to-the-north thrusting). 
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Figure 2.5: Inclined view of the angular unconformity (continuous white line) between deformed Mesoarchean 
basement granitoid (dashed white line) and gently folded BRF quartzite at the Jukskei River Shear Zone as 
described by Cheney et al. (1990) and Tau (2018). Photograph adapted from Cheney et al. (1990).
2.3 Possible causes for the formation of the Johannesburg Dome in literature
Anhaeusser (1973) first discussed the cause of the doming of the basement of the Johannesburg Dome. 
This author suggested that the Johannesburg Dome represents an incomplete mantled gneiss dome whereby 
the oldest granitoids, intrusive into the pre-existing greenstones, rose continuously because of reheating 
possibly due to episodic granitoid emplacement, tilting the overlying supracrustal sequence to their present-
day outward-dipping attitude. The presence of shear zones or ‘crush zones’ along the margins and within 
the exposed granitoid inlier were thought by Anhaeusser (1973) to have accommodated the formation of the 
dome. 
Hilliard (1994) also favoured a thermally-driven exhumation model as a mechanism of the Johannesburg 
Dome formation. The inferred heat source is a plume linked to the formation of the Bushveld Igneous 
Complex. The thermal plume interpretation is reminiscent of the incomplete mantled gneiss interpretation 
of Anhaeusser (1973) but introduced a discrepancy in terms of the timing of doming. Anhaeusser (1973) 
inferred that the doming event pre-dated the deposition of the Transvaal Supergroup, whereas Hilliard (1994) 
argued that the formation of the Johannesburg Dome occurred after deposition of the Transvaal Supergroup. 
McCarthy et al. (1986) supported timing of the formation of the Johannesburg Dome to be younger than 
deposition of the Transvaal Supergroup but older than the meteorite impact at Vredefort. According to these 
authors, discrepancies in the orientation of cleavage developed in the supracrustal sequence surrounding 
the dome suggest that the rocks were tilted after this fabric was formed. McCarthy et al. (1986) illustrated 
this when they corrected the orientation of the cleavage in rocks of the Black Reef Formation for the local 
dip of the bedding. After correction, discrepancies between cleavages orientations measured at different 
localities around the Johannesburg Dome were reduced and produced a more clustered dataset. McCarthy 
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et al. (1986) interpreted the cleavage developed in the supracrustal sequence as having been formed by the 
Vredefort impact due to their tangential trend with regards to the VIS. The subsequent tilting of the beds of 
the supracrustal sequence is attributed to the uplift of the Johannesburg Dome (McCarthy et al., 1986).
2.4 Geology of studied areas
2.4.1 Geology of Zwartkops
The Zwartkops Hills located along the NW margin of the Johannesburg Dome (Fig. 2.1) represent an outlier 
of Witwatersrand Supergroup rocks resting on the Archean basement (Fig. 2.6). Roering (1984) interpreted 
Zwartkops as a nappe emplaced on top of the Archean basement during top-to-the-north thrusting. Rocks 
at Zwartkops can be separated into two tectonostratigraphic units; granitoids and greenschist comprising 
the Archean basement and the volcano-sedimentary supracrustal rocks of the Witwatersrand, Ventersdorp 
and Transvaal supergroups (Figs. 2.2A, B and C) (Corstorphine and Jorrisen, 1908; Roering, 1984). Early 
authors suggested that Zwartkops rocks correlate with those of the Witwatersrand Supergroup based on the 
occurrence of marker beds, namely a banded iron formation (BIF) interpreted to be the Contorted Bed of the 
Hospital Hill Subgroup, lower West Rand Group (Fig. 2.2A; Draper, 1899; Corstorphine and Jorrisen, 1908; 
Roering, 1984). 
This is in contradiction with the earlier works of Hall and Humphrey (1905, as described in Corstorphine and 
Jorrisen, 1908) who described the Zwartkops rocks as belonging to the Swaziland System of the Barberton 
Mountain Land (BML), based on correlation of the Zwartkops BIF with a BIF of the Moodies Group of 
the Swaziland System. Hall and Humphrey (1905), Kynaston (1907), Corstorphine and Jorrisen (1908) and 
Roering (1984) agreed on similarities in the basement rocks seen at Zwartkops and in the BML and concluded 
that the basement is composed of Archean greenstone-derived greenschist and granitoids.  
Both basement and supracrustal sequence show evidence of deformation. Basement granitoids display a 
gneissic fabric which Corstorphine and Jorissen (1908) described as paralleling fabrics observed in the 
supracrustal sequence. Hendriks (1961) was the first to recognise that the rocks of the supracrustal sequence 
are folded, describing a large-scale open fold plunging to the south. The rocks situated in the southern 
section of Zwartkops are the most deformed, recording bedding sub-parallel thrusts and overturned beds of 
Witwatersrand Supergroup quartzite (Roering, 1984). Roering (1984) noted that many of the quartzite units 
show a lens-shaped geometry including the 100 m-scale quartzite lenses exposed in the ENE-facing cliff, 
southern Zwartkops.
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Figure 2.6: Geological map showing the Zwartkops hills (outlined in red) and surroundings according to 
Stanistreet and McCarthy (1990).
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Figure 2.7: All structural data of Roering (1984) plotted on equal area, lower hemisphere projections. (A) 
An equal area plot showing bedding data for Zwartkops plotted as poles to planes. The girdle scattering 
in bedding orientations was interpreted to be caused by folding around an SSW-plunging axis. (B) Poles to 
cleavage orientations with an associated great circle of best-fit. Roering (1984) interpreted the cleavage 
as axial planar to the SSW-plunging fold. (C) A schematic diagram explaining deflection of fold axial planar 
cleavage by a component of top-to-the-north transport and shearing (Roering, 1984).
Roering (1984) reported SW-dipping S0 at ± 30° dip angle with some scattering dipping to the NW and SE. 
He attributed this scattering of the bedding orientations to the bedding being folded by an SSW-plunging 
fold (Fig. 2.7A). Cleavages within schist and slate of the West Rand Group dip shallowly to the SW and are 
interpreted to be axial planar to the SSW-plunging fold (Fig. 2.7B). Minor scattering in cleavage orientation 
(Fig. 2.7B), and especially where the cleavage parallels bedding, was interpreted to result from the top-to-the-
north shearing and transport of the supracrustal rocks which partly deflected the axial planar cleavage (Fig. 
2.7C). In addition, Roering (1984) inferred tectonic transport to the north from shallow S-plunging lineation 
on cleavage planes. Stanistreet and McCarthy (1990) agreed with the interpretation of an SSW-plunging 
syncline formed during top-to-the-north shearing for the rocks of Zwartkops. Roering (1984) described the 
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deformation at Zwartkops as more intense than expected for units of the Witwatersrand Supergroup in the 
Johannesburg region and suggested the possibility of an unidentified and more extensive tectonic event that 
is known for this region.
2.4.2 Geology of the West Rand Syncline  
The West Rand Syncline (Fig. 2.8), in which the Krugersdorp Game Reserve occurs (Fig. 2.9), refers to an 
extensively folded and faulted region adjacent to the southwestern margin of the Johannesburg dome, where 
rocks of the Archean basement, Witwatersrand and Transvaal supergroups are exposed. 
Figure 2.8: Geological map of the West Rand Syncline to the WSW of the Johannesburg Dome (adapted from 
Stanistreet and McCarthy, 1990). The solid and dashed red lines respectively indicate the axial traces of the 
Rand Anticline and the West Rand Syncline. The red box shows the location of the Krugersdorp Game Reserve. 
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Figure 2.9: Geological map of the Krugersdorp Game Reserve adapted from 2626 West Rand 1:250 000 
geological series (1986).
In his study of rocks to the west of the Johannesburg Dome, Roering (1968) described the West Rand Syncline 
as a 10’s km-scale folded structure whose axial trace trends NW (Fig. 2.8). However, lack of axial planar 
cleavage and evidence of buckle folding by layer-parallel folding rendered Roering (1968) unable to comment 
on paleostress for the formation of the West Rand Syncline.  A superimposed steeply S-dipping cleavage 
was identified by Roering (1968) as post-dating the West Rand syncline. He interpreted horizontal N-S 
compression for cleavage formation, which is not relevant to the folding of the West Rand Syncline based on 
relative timing and orientation. 
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Prior to the formation of the West Rand Syncline, Witwatersrand Supergroup and Archean basement rocks 
were extensively affected by E-W-striking reverse faults (Roering, 1968). Roering (1968) interpreted the 
development of synclinal folds in fault hanging-walls as related to the reverse movement (up-throw to the 
south). These reverse faults were subsequently reactivated as wrench faults during West Rand Syncline 
folding (Roering, 1968; Stanistreet et al., 1986). Movement along these faults is described by Roering (1968) 
as being right-lateral in the eastern limb of the fold (Krugersdorp region) and left-lateral in the western 
limb of the West Rand Syncline. Stanistreet et al. (1986) described the West Rand Syncline as being bound 
by W-dipping faults which duplicated and locally overturned strata. Stanistreet et al. (1986) suggested that 
this fault system deformed rocks of the Witwatersrand Supergroup during the collision of the Kaapvaal and 
Zimbabwe cratons producing N-S shortening. Stanistreet et al. (1986) supported a middle-Ventersdorp time 
for the reactivation of regional faults and the formation of the West Rand Syncline. Bedding sub-parallel 
faults and south-dipping cleavage developed within the West Rand Syncline were interpreted by Roering 
(1968) and Stanistreet et al. (1986) as coincident with the VIS.
28
3. Methodology
Several different methods are used to investigate the structural and geochronological constraints on the 
formation of the Johannesburg Dome. The project is heavily reliant on modern field-based structural 
geology. The use of Geographical Information System (GIS) technologies complements physical mapping 
of target locations selected from the literature. Petrographic analysis of samples using optical microscopy 
as well as using the Scanning Electron Microscope (SEM) coupled with Back Scattered Electron (BSE) 
and Cathodoluminescence (CL) imaging aided in observing and documenting microstructures and the 
structural position of dated K-bearing crystals by 40Ar/39Ar geochronology and zircon morphologies for U-Pb 
geochronology. All analytical techniques were carried out at SPECTRUM (the Central Analytical Facility of 
the Faculty of Science) at the University of Johannesburg. 
3.1 Geographical Information System (GIS)
ArcGIS v.10 in conjunction with Google Earth Pro is used to combine topographic and surface information 
to create suitable base maps. These base maps are used to map out the geology and selected localities at 
both the Krugersdorp Game Reserve and the Zwartkops outlier. ArcGIS is used to georeference existing 
geological maps of the region, which act as both guides and points of comparison for the mapping of target 
localities. ArcGIS also provides a platform for drawing the combined structural and lithological maps. 
Locality coordinates are recorded using a hand-held Garmin etrex 20x. The information was collected and 
imported to the GIS platform using the Garmin software BaseCamp. 
3.2 Field-based structural geology
The identification of target localities from literature as areas needing more detailed structural investigation 
are used to understand the structural geology of the Johannesburg Dome better.  Mapping of the geology, 
both rock types and structures of the cover and basement sequences provide more insight into the basement-
cover relation. Orientations of planar and linear structures are collected using a Brunton Truarc 15 sighting 
compass with clinometer, magnetic declination 19° W, and the data plotted using SpheriStat v.3.1 onto lower 
hemisphere, equal area stereographic projections.
Colour-shaded polygons known as density-distribution-plots overlain on stereonets with > 20 data points. 
These polygons show the concentration of data by colour-boldness, the bolder the colour, the more 
concentrated the data is. Density-distribution-plots are absent on stereographic projections with different 
types of structures plotted as this may obscure the results. Structural data obtained from iron-rich rocks 
whose magnetic field interferes with the sighting compass are measured using a sun compass. Corrections 
for the magnetic declination of the locality, angle of the sun, time of day and year are done using in-house 
developed calculations embedded in an excel spreadsheet. Geometric and kinematic descriptions of structures 
aid in determining the deformation recorded at respective localities. Emphasis placed on distinguishing 
between deformation-related structures and primary sedimentary structures as major sedimentary sequences 
comprise some of the cover rocks mantling the Johannesburg Dome. Criteria for distinguishing between 
tectonic and syn-sedimentary deformation include the fold-style, the confinement of structures to single 
horizons with erosive contacts between structure-bearing horizons and overlying strata and the orientations 
of fabrics, and folds across the studied area (Alsop et al., 2017). 
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3.3 Petrographic analysis of samples in thin section
A petrographic description of samples using optical microscopy in thin section allows for the more accurate 
identification of rock types as well as determining possible protoliths for the dominantly metamorphosed, 
and often schistose rocks. Accurate information about the protolith makes it easier to relate the deformed 
rocks to known stratigraphy of the area. Description of microstructures and kinematic indicators aids in 
better describing the deformation seen at mesoscale. For kinematic analysis, only samples containing both 
foliation and lineation are used. Oriented samples are cut perpendicular to the foliation and parallel to 
lineation to view the plane parallel to the X and Z principal strain axes. The nature of grain boundaries, 
i.e. angular and irregular grain boundaries versus recrystallised grain boundaries, aid in distinguishing 
between tectonic and impact-related deformation, following criteria summarised in French and Koeberl 
(2010). Mineral assemblages observed were used to infer the metamorphic grade of samples. Viewing the 
samples in thin section allows for the identification of suitable minerals for 40Ar/39Ar geochronology, notably 
synkinematic white micas. The spatial distribution of these minerals with regards to the tectonic fabric of 
the rock is important when interpreting the ages obtained through geochronology as either recrystallisation, 
deformation or as cooling ages, as discussed in section 1.3. Mineral abbreviations used throughout are after 
Whitney and Evans (2010).
3.4 Scanning Electron Microscope 
The use of SEM complements the optical microscopy work, in order to better describe the rock type and 
protolith of samples, as the SEM allows for imaging of the thin section at a higher resolution. The SEM 
allows for the imaging of the topography of thin section surfaces which aids in describing microstructures 
that are easier to view on the surface of a mineral. The detection of backscattered electrons by the SEM 
makes it possible to view minerals of differing chemical compositions as contrasting colours in the SEM 
image. This type of analysis is useful when the rock is very fine grained. The use of Energy Dispersive 
X-Ray Spectroscopy (EDS) linked to the SEM provides the elemental composition, in weight per cent, of the 
mineral analysed, this helps to avoid the misidentification of minerals, whose optical properties are difficult 
to identify under an optical microscope. 
3.5 Geochronology
Two geochronological techniques are applied to rocks of the Zwartkops outlier. 40Ar/39Ar geochronology of 
synkinematic and synmetamorphic white mica and biotite are analysed to determine the age of deformation 
and metamorphism and/or hydrothermal activity in these rocks.  U-Pb geochronological techniques are 
used to determine the crystallisation and possible metamorphic ages of magmatic zircons in upper schistose 
cataclasite representing the Mesoarchean basement and superstructure contact (see chapters 4 and 5). A more 
detailed rationale for the choice of this specific rock type at the Zwartkops outlier for U-Pb dating found in 
chapter 6.2. Other samples selected for U-Pb geochronology include Ventersdorp quartz porphyry schist (see 
chapter 4) to confirm the identity of this rock as belonging to the Ventersdorp Supergroup versus Dominion 
Group as they both contain felsic volcanic rocks. Unfortunately, this sample did not yield zircons for analyses.
 
3.5.1 40Ar/39Ar geochronology
3.5.1.1 Sample preparation and irradiation
Synkinematic and syn-metamorphic white micas identified as being randomly oriented or preferentially 
orientated in the tectonic fabric, either within aggregate mineral lineations or comprising cleavage domains 
in the rock, are separated for age determination. White micas selected for 40Ar/39Ar geochronology vary in 
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grain size from < 100 µm to ± 1 mm. For samples containing grains ≥ 200 µm in size, the micas are separated 
by the hand-picking method. This method is preferred for the larger grain size fraction as it leads to less 
contamination by smaller white mica grains which could represent a detrital component in the dominantly 
sedimentary rocks (Villa et al., 2014). For grains < 250 µm in size, separation via suspension settling is 
preferred. For both hand-picking and suspension settling, samples are gently crushed with a hand-held hammer 
to yield a variety of grain sizes ranging from < 500 µm to 5 mm. Care is taken to avoid contamination during 
the crushing process, and gentle crushing is preferred to avoid introducing reduced size fractions which might 
have been produced by mechanically breaking larger fractions. The crushed product of samples selected for 
suspension settling undergo a further three hours of ultrasonic cleaning before settling for ten minutes. The 
ten-minute fines are decanted into test tubes and left undisturbed to settle for an additional hour. The residue 
at the base of the test tube after the allocated time is the fraction containing the fine-grained white mica. This 
residue is dried for subsequent irradiation and analysis in powder form.   
Samples are irradiated in the SAFARI1 nuclear reactor at Pelindaba, Pretoria, operated by NTP®, a 
subsidiary of the Nuclear Energy Corporation of South Africa (NECSA). The ± 0.2 mg samples are wrapped 
in aluminium foil and placed in 1 cm diameter, silica glass tube, which is vacuum-sealed. The samples are 
packed to make a ± 5 cm high stack containing 50 samples. The tube, irradiated in position B2W in the 
SAFARI1 nuclear reactor, is not cadmium-shielded. Samples are irradiated for 20 hours with the reactor 
operating at 20 MW. 
3.5.1.2 Analysis
40Ar/39Ar ages obtained from multiple grains (total weight of 0.2 mg), laser step-heating 40Ar/39Ar analysis 
of white mica. The common (atmospheric) 40Ar/36Ar ratio of 298.56 +/- 0.30 is used, with the accepted value 
of 40Ar/36Ar = 298.56 ± 0.31 after Lee et al. (2006), producing an exponential fraction factor of -0.298. The 
decay constant used is (5.554 ± 0.014) × 10-10 yr-1. Corrections based on multiple calibrations, which have 
shown no drift since 2012, are used for K-produced 40Ar as well as Ca-produced 39Ar and 36Ar (Kossert 
and Günther, 2004; Renne et al., 2010). Average J-values from three fluence monitors yield an insignificant 
difference as they differed by less than 0.2 %, with standard deviations of ± 0.5 % and thus are regressed 
together to calculate ages. The fluence monitors are positioned differently within the stack analysed; at the 
bottom, middle and top of the stack. Fluence Monitors used included Hb3GR amphibole (1080.4 ± 1.1 Ma, 
Renne et al., 2010), McClure Mountain amphibole (MMhb, 523.1 ± 1 Ma, Renne et al., 1998), and Fish 
Canyon sanidine (FCs, 28.201 ± 0.046 Ma, Kuiper et al., 2008). Readings from the bottom and top of the 
stack are interpolated linearly, while those positioned in the middle fitted to a curve.
The irradiated samples are baked for 3 hours at ± 220 °C in an ultrahigh vacuum laser port. The samples 
undergo stepwise heating, enabling gas release via a SPECTRON® continuous Nd-YAG 1064 nm laser with 
a defocused laser beam. Each heating step lasts for 5 minutes, with a range of 12-16 heating steps per sample. 
Fusion occurs at temperatures between 600-1300 °C resulting from a 9.5-12 A current.  SAES APD10 
getters are used to purify the extracted gas before being analysed in the MAP 215-50 mass spectrometer. A 
Johnston electron multiplier detector measures the argon isotopes. A Faraday collector is used to measure 
argon gas signals exceeding 10 V, which is supplemented by an electron multiplier gain measurement. Blank 
measurements are taken between every three to four data runs, and both data and blank runs are regressed 
to give the time when the argon gas entered the mass spectrometer. Mass fractionation is corrected using 
the exponential law. Ages, weighted means and run regressions are calculated using software developed 
in-house. Full error propagation by Monte Carlo simulations, which include uncertainties of the J-value and 
decay constant, are included within the in-house software. Age spectra are plotted using Isoplot v.2.49 in 
conjunction with Microsoft Excel 1997-2003.
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3.5.2 U-Pb geochronology
3.5.2.1 Zircon as a chronometer
Zircon is a widely used chronometer in geology due to its high uranium and low lead content, along with 
a closure temperature above 900°C for the U-Th-Pb isotopic system (as summarised in Lee et al., 1997). 
Measuring the concentrations of 238U, 235U (parent isotopes), 207Pb and 206Pb (respective daughter isotopes) 
give the age of igneous zircon or subsequent growth during metamorphism. Wetherill (1956) described the 
ration of the parent to daughter isotopes as yielding two ages. If the two ages are equal, they are considered 
concordant ages, and discordant if the two ages differ. Discordant ages signify a gain or loss of uranium, or 
more commonly lead, since crystallisation of the zircon. As lead diffuses at a much faster rate compared to 
uranium (Lee et al., 1997), any disturbance causing the system to open, a loss of lead isotopes. If a system 
has not experienced a gain or loss in lead isotopes, then it will plot on the Concordia curve in the Wetherill 
Concordia diagram (Fig. 3.1), defined by the true age of the system (designated T0). If the age is discordant, it 
will not plot on this Concordia curve, but below it. A line connecting this point and the time corresponding to 
this event of lead loss can be constructed, intercepting the Concordia curve. The upper intercept will define 
the true age of the sample (T0) (Wetherill, 1956). 
Figure 3.1: Wetherill Concordia diagram showing the discordant point Q1 and the line connecting it to the 
time of lead loss (T1). The upper intercept of this line with the Concordia curve defines the true age of the 
sample (T0) (Wetherill, 1956). 
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3.5.2.2. Sample preparation
Separated zircons come from a sample of upper schistose cataclasite (JD 30). This rock was crushed by 
hand, reducing the rock to ≤ 1 cm chip samples which were subsequently milled and sieved using a 250 µm 
mesh. Equipment was washed before and after both crushing and milling and additional care was taken to 
avoid contamination. The sieved fraction was ‘washed’ to remove particles smaller than ± 50 µm. ‘Washing’ 
constitutes immersing the sieved fraction in water, allowing ± 10 minute settling time and decanting the 
water with suspended particles. This process is repeated until the water runs clean, indicating few particles 
small enough to remain in suspension are present. Once dry, a magnetic separator was used to remove 
magnetic minerals as their relatively high density interferes with subsequent heavy liquid separation. The 
non-magnetic fraction was immersed in heavy liquid (NaPT ≥ 3 g/cm3) and allowed to settle. Denser zircons 
settled to the bottom of the flask, while the remaining fraction remained in suspension. The denser fraction 
was syphoned out, and NaPT rinsed off. The zircons were hand-picked, mounted in resin and polished so that 
internal structures can be viewed using Cathodoluminescence (CL). Two hundred individual zircons were 
hand-picked sized 40-150 µm. 
3.5.2.3 Analysis
CL images were acquired using the TESCAN VEGA 3 SEM coupled with CL detector. A voltage of 20 
kV and an average working distance of 15 mm is used. The complementary software VEGA TC is used to 
acquire CL images of individual zircons. These images are used to determine the suitability of a zircon grain 
for U-Pb geochronology as later described in chapter 6.2.
U-Pb ages were determined using the Laser Ablation Multi-Collector Inductively Coupled Mass Spectrometer 
(LA-MC-ICPMS). The instrumentation used include a 193 nm ArF Resolution SE excimer laser (Australian 
Scientific Instruments, Flyshwick) coupled with NU Plasma II MC-ICPMS (NU Instruments, Wrexham), 
RF power 1300 W. 16 Faraday collectors (U) and 5 ion counting detectors (Pb) are used for the collection 
and analysis of ablated material. A detector configuration of H8 = 238U; H7 = 232Th; IC0 = 208Pb; IC1 = 207Pb; 
IC2 = 206Pb; IC3 = 204Pb (+ 204Hg); IC4 = 202Hg was used. Argon gas was used as the auxiliary, cooling and 
nebuliser gas with flows of 0.88 L/min, 13.0 L/min and 0.9 to 1.0 L/min, respectively. Helium gas is used for 
the ablating laser, and a gas flow of 0.25 L/min was utilised. 
Measurement configurations include 30 µm diameter ablation crater size, beam energy 4 mJ, beam attenuation 
12.5 % (‘soft ablation’), Fluence 1.2 J/cm2 with a repetition rate of 2.5 Hz. A blank signal was run for 20 
seconds followed by 50 seconds ablation signal. A background signal collected on mass before ablation 
was subtracted from the sample signal as a background correction. Instrumental mass bias and elemental 
fractionation were corrected for by using a standard-sample-standard bracketing system. This correction 
incorporated the use of two primary zircon standards, OGC1 and A382, followed by the evaluation of a 
secondary zircon reference material CDQGNG for accuracy and quality control (same day analysis of samples 
and reference material). An in-house software programme NuAge2 was used to calculate and correct ratios 
and ages. Included in the software is an optional correction for common lead developed by Andersen (2002) 
who details an efficient method for common lead correction. This correction is essential to avoid calculating 
apparently older and thus geologically meaningless ages through the incorporation of non-radiogenic 204Pb 
(common Pb) in the analyses. 
The system of measurement included a set of standard reference materials bracketing 10 point-by-point sample 
analyses, as follows: OGC1-OGC1-A382-A382-CDQGNG- 10 sample zircon analyses- OGC1-OGC1-A382-
A382-CDQGNG. The calculation of ages and construction of the Concordia diagram was carried out using 
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Isoplot4.15 (Ludwig, 2008).Thermal Ionizing Mass Spectrometry (TIMS) age for reference material OG1 
(Owens Gulley Diorite, Pilbara Craton) also termed OGC, is 3465.4 ± 0.6 Ma with a reference value of 0.29907 
± 0.00011 (95% confidence limit). The Paleoarchean age for these zircons combined with negligible common 
Pb and excellent external reproducibility and well-preserved igneous textures (Stern et al., 2009) makes it an 
ideal standard for Archean zircons (such as for JD 30 zircons). A second, younger primary standard A382 
is also utilised. These zircons, derived from pyroxene-bearing granite from the Karelia Provence, Finland 
are 1877 ± 2 Ma in age (TIMS age). These zircons also contain well-preserved igneous characteristics and 
low common Pb (Hölttä, 2012). The secondary standard used is CDQGNG zircons derived from quartz 
gabbronorite gneiss, Gawler Craton, South Australia (Mortimer et al., 1988). The age suggested by Black et 
al. (2003) for QGNG reference zircon is 1842.0 Ma (IDTIMS age). 
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4. Results: tectonostratigraphy and geology of studied areas
4.1 Krugersdorp Game Reserve
The Krugersdorp Game Reserve covers a ± 13 km2 area located within the West Rand Syncline (Fig. 2.7). 
West Rand Group rocks outcrop as a NE-SW trending belt across the centre of the reserve (Fig. 4.1) and the 
West Rand Group quartzite form the central topographic high. These rocks are surrounded to the north and 
south by basal rocks of the Transvaal Supergroup, namely the BRF quartzite and dolomite of the Oaktree 
Formation, Chuniespoort Group (Fig. 2.2). Both Mesoarchean basement and Ventersdorp Supergroup are 
absent in the reserve. All rocks have undergone greenschist facies metamorphism as evidenced by the 
recrystallised nature of grains and matrix in clastic rocks. Quartz in both Witwatersrand and Transvaal 
supergroup rocks shows weak deformation in the form of undulose extinction, the formation of deformation 
twinning and bulging recrystallisation of grain boundaries (as described in chapter 5). As biotite and chlorite 
are the only index metamorphic minerals present in rocks of the reserve, the metamorphic grade is upper 
greenschist facies. 
4.1.1 Witwatersrand Supergroup
As with the Zwartkops outlier, Witwatersrand Supergroup rocks are restricted to the West Rand Group 
namely the Government and Jeppestown subgroups (Fig. 2.2). The oldest exposed unit is a diamictite (locality 
JD 217) located on the southern bank of the Tweelopies Spruit (Fig. 4.1). This ± 20 m-thick unit consists 
of a poorly sorted gravel deposit (Fig. 4.2A) which grades into a coarse-grained bedded sandstone (now 
metamorphosed to quartzite). The massive clast- to dominantly matrix-supported gravel deposit contains 
angular to subrounded quartzitic and shale lithoclasts that vary in size from 2 to 40 cm. The matrix varies 
from medium to coarse grained quartz grains with minor clay- to silt-size quartz and pelitic material. In 
places, the matrix has a dark brown to black colour. The rock has a siliceous cement. The unit exhibits a weak 
cleavage developed in the matrix. The coarse grained bedded sandstone dips steeply to the west (see section 
5.1.2.1) and contains excellent cross-bedding implying younging to the east. 
20-300 m-thick quartzite units exposed to the southwest of the game reserve (Fig. 4.1) are medium- to coarse 
grained with minor conglomeratic horizons. This quartzite is on average well-sorted, and normal grading 
is present, with cross-bedding poorly developed. The quartzite is highly fractured and, in places, sheared. 
Cement between grains is siliceous, thus rendering the outcrops very resistant to weathering. Intercalations 
of pelitic schist units of varying thickness of 100-400 m separate West Rand Group quartzite units.  Although 
the schist is not magnetic, they are characterised by a dark red-brown colour, both on weathered and fresher 
surfaces. The schist contains fine grained 20-100 µm size quartz grains disseminated within a silty matrix. 
Thin 1-2 cm-thick primary lamination is apparent, demarcated by a colour variation. The pelitic schist 
carries a strongly developed, closely spaced, penetrative schistosity dipping steeply to the N, S, SE and NW 
(see section 5.1.2.2.1). Contacts between intercalated schist and quartzite units are sharp and thought to be 
primary.
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Figure 4.1: Geological map of the Krugersdorp Game Reserve indicating the position of localities. The area 
represented on the map falls mostly within the reserve boundaries, with the border indicated by a dashed line. 
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Figure 4.2: Oblique view (field photographs) of (A) the poorly sorted Promise diamictite (locality JD 217), (B) 
the Ada May conglomerate reef of the Jeppestown Subgroup (locality JD 171) and (C) schistose amygdaloidal 
volcanics of the Crown lava (locality JD 174). (D) A hand specimen of nodular and spotted BRF showing a 
concretion that has weathered negatively concerning the host rock. (E) Stromatolitic dolomite (locality JD 
219) with a domal stromatolite in profile and (F) plan view.
A well-exposed 2 m-thick conglomerate ‘reef’ (Fig. 4.2B) is visible in a trench along the central-eastern 
boundary of the game reserve (locality JD 171, Fig. 4.1). The reef shows local variations along strike from 
clast to matrix-supported conglomerate and medium grained cross-bedded sandstone. Well-rounded 0.5-4 
cm sized milky-white vein quartz pebbles comprise the conglomerate clasts, with silt and medium grained 
quartz forming the matrix. Units showing different grain sizes grade into one another, and show overall 
upward-fining. The unit contains both bedding-parallel and cross-cutting quartz veins. 
Amygdaloidal felsic volcanic rock outcrops along the central-eastern boundary of the game reserve, ± 100 
m north of the conglomeratic reef (i.e. at locality JD 174, Fig. 4.1). These volcanic rocks are homogeneously 
fine grained and show a deep-red weathering colour. Fresh surfaces show a pale red-pink colour to pale grey. 
The pale grey portions are interpreted to be silicified. 0.5-3mm sized, round to ellipsoidal, light pink to cream 
white siliceous amygdales are found heterogeneously distributed throughout the volcanic rock. Cooling rims 
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and concentric zonations support the volcanic origin of the amygdales. The local concentration of larger 
amygdales is interpreted to reflect volcanic flow tops. Indeed, these flow tops occur near the sharp contact 
with 2-5 m-thick medium grained quartzite horizon, interbedded with the volcanic rock. The amygdaloidal 
volcanic rock contains an intensely developed, closely spaced, penetrative cleavage that parallels slightly 
flattened amygdales (Fig. 4.2C). The interbedded gently SE-dipping quartzite carries a weak cleavage parallel 
to the one in the surrounding volcanic rocks. 
4.1.2 Transvaal Supergroup
Transvaal Supergroup rocks cover the northern and southern portions of the study area (Fig. 4.1). Rocks of 
the Black Reef Formation (BRF) and overlying Oaktree Formation of the Malmani Subgroup (Chuniespoort 
Group, SACS, 1980) are exposed. The BRF outcrops (e.g. localities JD 176, 220, and 179, Fig. 4.5) as a 
medium- to coarse grained quartzite unit with minor gravel and grit lags. It has a grey to bluish tinge on fresh 
surfaces and contains ± 50 cm-thick planar beds. Local 2-4 cm concretions occur within the quartzite of the 
BRF. These concretions weather preferentially to the surrounding quartzite, forming spherical voids in the 
quartzite (Fig. 4.2D). 
Medium grained quartz grains surrounded by a dark red matrix comprise the concretions, where preserved. 
The perfectly spherical shape of the concretions suggests they are diagenetic features.  In places, the rock 
containing these concretions appears as either pristine quartzite or as a ‘spotted’ quartzite (locality JD 223). 
1-3 mm sized subrounded patches of black intergranular material (between coarse quartz grains as seen 
in Fig 4.2D) cause the spotted appearance of the rock. These mottles and spots are composed of indistinct 
aggregates of opaque minerals (50-100 µm in size). These oxides are interpreted to weather preferentially 
to the surrounding rock. Besides these opaque minerals, 300-500 µm-sized quartz is the only other mineral 
present, characterising this rock as an orthoquartzite. Grain sizes are homogenous, and quartz grains 
record weak crystal plastic deformation in the form of undulose extinction, deformation bands and bulging 
recrystallisation of grain boundaries. Fractures cross-cutting quartz grains are common. Quartzite of the 
BRF is spatially associated with a fine grained pelitic schist. This pelitic schist is light grey with a silvery 
appearance caused by the presence of sericite. The schist exhibits a strong, closely spaced penetrative 
schistosity, which locally carries crenulation and slickenline lineations. The pelitic schist shows 1-3 cm sized 
(2-5 mm thick) black mottles on exposed surfaces, giving the schist a patchy appearance. 
Dolomite of the Oaktree Formation, which forms the most spatially extensive rock type in the reserve (Fig. 
4.1) structurally and stratigraphically overlies quartzite and schist of the BRF. The contact between BRF 
quartzite and dolomite is not observed, however, exposed quartzite underlies a compact, black to dark brown 
manganiferous soil termed WAD (weathered altered dolomite) (locality JD 197). The black mottles seen in the 
pelitic schist could represent ‘staining’ from the overlying WAD, inferring some elemental mobility between 
the two formations.Dolomite exposures in the Krugersdorp Game Reserve are a dark grey to chocolate 
brown colour (localities JD 162, 191, 192 and 219, Fig. 4.5). This dolomite is bedded with bedding from a few 
millimetres to ± 1 m thick. Cherty layers are developed along some bedding planes and weather positively to 
the surrounding dolomite. Locally developed are 5-15 cm in diameter domal stromatolites containing irregular 
and wavy laminations (locality JD 219). The stromatolites are roughly circular in plan view, while domal in 
sectional view (Figs. 4.2E and F). Dolomite beds contain 0.5-1 cm rounded chert-rimmed concretions. The 
concretions are darker in colour than the surrounding dolomite and are interpreted to represent manganese 
nodules. Dolomitic collapse breccia contains irregularly sized lithoclasts (up to 50 cm) cemented together by 
secondary calcite. Similar bright white calcite fills veins in the dolomite.
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A ± 1 m-thick bedding-parallel dolerite sill occurs within the dolomite (locality JD 192, Fig. 4.1). The dolerite 
is intermediate in composition with plagioclase showing signs of alteration to kaolinite. The dolerite is light 
grey-green and appears undeformed. A thin light grey contact aureole of dolomitic marble exists at the 
contact between the dolerite and host dolomite. The dolomite is cross-cut by several massive, subvertical 
quartz veins which form areas of positive relief in the low-lying dolomitic plains. No cross-cutting relations 
are observed between the dolerite and quartz veins.
4.1.3 Interpretation of stratigraphy 
The oldest exposed unit is interpreted to represent the Promise diamictite as it grades into a sandstone, whereas 
other diamictites of the Government Subgroup - the Coronation diamictite and Langerspoort Blue Grit - are 
overlain by an iron formation and conglomeratic horizon/reef respectively as shown in the Witwatersrand 
Supergroup stratigraphic column (Fig. 2.2) adapted from Guy et al. (2010). Amygdaloidal volcanic schist 
is interpreted to represent deformed Crown Lava because it is stratigraphically bound by quartzite (Guy et 
al., 2010; Fig. 2.2.). Bowen et al. (1986) noted that the Crown Lava is the only Witwatersrand Supergroup 
volcanic unit that is developed in the Western part of the Witwatersrand Basin, further supporting the Crown 
Lava interpretation for these schistose amygdaloidal lavas. These schistose lavas occur structurally and 
stratigraphically below the conglomeratic reef thought to represent the Ada May Reef at the top of the 
Jeppestown Formation as described for typical Witwatersrand Supergroup stratigraphy (SACS, 1980). 
4.2 Zwartkops outlier 
Rocks at Zwartkops form ± 3 km long and 1.5-2 km wide N-S trending hills. The ± 12 km2 study area can 
be separated into two tectonostratigraphic units, granitoid and greenschist comprising the Mesoarchean 
basement and the volcano-sedimentary supracrustal rocks of the Witwatersrand, Ventersdorp and Transvaal 
supergroups. Locally thin (maximum 10 m-thick) dolerite dykes cut across the entire stratigraphy. 
4.2.1 Mesoarchean basement 
The Mesoarchean basement includes hornblende-biotite granodiorite (± 30% quartz, ± 25% plagioclase, ± 
20% k-feldspar, ± 10% biotite and ± 15% hornblende). The granodiorite varies widely in texture and structure. 
To the north of the Blaauwbank Spruit (Fig. 4.3), the granodiorite appears medium grained and equigranular 
with preferentially oriented hornblende as penetrative mineral lineation plunging steeply to the SE, defining 
an amphibolite grade L-tectonite. This Ltectonite contains a heterogeneously-developed, closely-spaced 
penetrative greenschist facies schistosity defined by white micas and chlorite. In southern Zwartkops (Fig. 
4.3), the granodiorite is gneissic to migmatitic with centimetre-scale quartz-feldspar-dominated leucosomes 
and melanosomes defined by amphibole, biotite and plagioclase. The gneissosity carries steeply plunging 
amphibole mineral aggregate lineation (e.g. locality JD 10) similar in orientation to that of the L-tectonite 
north of the Blaauwbank Spruit (Fig. 4.3). 
A ± 15 m-thick, vertical, tabular, massive, coarse-grained, equigranular granitic pegmatite (± 30% quartz, ± 
25% plagioclase, ± 30% k-feldspar and ± 15% muscovite) cross-cuts the gneissic granodiorite (locality JD 9). 
Well-preserved graphic intergrowth of quartz and k-feldspar is apparent. The pegmatite appears undeformed 
at mesoscale observation, although some weak deformation is apparent at the microscale, as discussed in 
chapter 5.
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Figure 4.3: Geological map of the Zwartkops outlier indicating locality positions. Black lines labelled (1), (2) 
and (3) in south, central and north Zwartkops respectively show the position of correlated profiles presented 
in Figure 4.8.  
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Figure 4.4: Field photographs and photomicrographs of Mesoarchean basement rocks. (A) Inclined view 
of amygdaloidal chlorite schist (locality JD 12). Arrows show amygdales. (B) XPL photomicrograph of 
undeformed trondhjemite. (C) and (D) Inclined views of sharp contacts between chlorite schist and trondhjemite 
in lower schistose cataclasite (locality JD 44). (E) Inclined view of upper schistose cataclasite and (F) XPL 
photomicrograph of the same. 
Greenstone remnants, now expressed as chlorite schist, are associated with the gneissic granodiorite. This 
chlorite schist is distinguishable from pelitic schist of the supracrustal sequence by its dark green colouration 
and, in places, by its 1-2 mm sized quartz amygdales (locality JD 12, Fig. 4.4A). Elsewhere in the chlorite 
schist, where amygdales are absent, remnants of highly weathered randomly oriented amphiboles, are replaced 
by chlorite. Both the amygdales and remnant amphiboles are thought to reflect the original volcanic origin of 
Kaapvaal Paleoarchean basement greenstones typically described as being metamorphosed to amphibolites 
(Anhaeusser, 1973). 
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Figure 4.5: Classification of the leucocratic granitoid and lithoclasts in the cataclasite as trondhjemite. (A) 
Ternary diagram illustrating the classification of granitoid based on feldspar species (Barker, 1979). (B) and 
(C) EDS spectra of Na-rich plagioclase of both the trondhjemite and lithoclasts in the schistose cataclasite, 
respectively. The albitic nature of the plagioclase implies that the leucocratic granitoid at locality JD 28 falls 
in the trondhjemite field of ternary diagram of Figure 4.5A. Plagioclase chemistry of the lithoclasts suggests 
that they are derived from a trondhjemite parent.
The fourth lithology of the Mesoarchean basement is a 250 by 150 m in size, massive trondhjemite body 
(localities JD 28 and JD 44, Fig. 4.3). The trondhjemite (± 45% quartz, ± 35 % plagioclase, ± 18% muscovite/
sericite, ± 2% opaque minerals) has a medium-grained, equigranular texture. The sodic nature of the 
plagioclase (determined through EDS analysis, Figs. 4.5B and C) in the leucocratic intrusive rocks identifies 
it as a trondhjemite. Plagioclase and quartz (0.25-2 mm in size) constitute the dominant rock-forming minerals 
in trondhjemite. Minor white mica occurs either as interstitial magmatic (250-500 µm in size) and secondary 
(50-200 µm in size) as alteration of plagioclase. In mesoscopically undeformed trondhjemite, magmatic white 
mica is prevalent over secondary white mica. In contrast, weathered and deformed trondhjemite (locality JD 
72), shows altered plagioclase to sericite.
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Figure 4.6: Detailed sketch in profile view of the Mesoarchean basement and supracrustal sequences contact. 
From the structural bottom, amygdaloidal chlorite schist (locality JD 12) outcrops which are overlain by lower 
schistose cataclasite (locality JD 44). This grades into undeformed trondhjemite (locality JD 28). Undeformed 
trondhjemite becomes progressively more schistose towards the Mesoarchean basement and superstructure 
contact where upper schistose cataclasite (locality JD 30) is developed. Orientation of S2 foliation at specific 
localities is given numerically as dip direction and dip angle.
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In mesoscopically undeformed trondhjemite, quartz and plagioclase are internally deformed, displaying 
undulose extinction, deformation twinning and deformation bands (in quartz). In places, twinning is bent 
(Fig. 4.4B) suggesting deformation at low-temperatures. Smaller quartz aggregates (grains 200-400 µm) 
shows straight grain boundaries with characteristic triple junctions at quartz-quartz contacts suggesting 
recovery by annealing. In comparison, larger quartz aggregates (sized 0.5-1 mm) show minor bulging where 
quartz grains impinge on one another. Bulging recrystallisation and grain size reduction (to form smaller 
quartz aggregates) represent recovery via dynamic recrystallisation processes while annealing (of smaller 
aggregates) indicates post-deformation recover. As no structures are apparent at mesoscale, it is difficult to 
relate this deformation to any deformation event. The trondhjemite shows irregular sheared contact with the 
chlorite schist (Fig. 4.6), termed lower schistose cataclasite. Here 1 to 10 centimetre-sized lithic fragments 
of trondhjemite (Figs. 4.4C and D) are separated by a fine-grained, dark matrix of grey-green chlorite, 
biotite, quartz and white mica. Contacts between the individual lithoclasts and the groundmass are sharp and 
irregular with 0.5 - 3 mm protuberances of matrix penetrating fractured zones in lithoclasts. 
Structurally ± 20 m above the trondhjemite-chlorite schist contact, the trondhjemite appears as the massive 
body described above. This massive trondhjemite becomes progressively more cleaved closer to the upper 
contact with rocks of the supracrustal sequence (structurally higher than the massive trondhjemite, Fig. 
4.6). This rock type is termed upper schistose cataclasite (locality JD 30). This weakly schistose cataclasite 
(with preferentially oriented fine grained sericite defining the schistosity) contains ± 60% irregularly-shaped, 
angular 200 µm to 10 cm-sized polycrystalline quartz clasts, remnant plagioclase (altered to sericite with 
poorly preserved polysynthetic growth twinning) and 0.2-1 mm in size calcite lithoclasts embedded in ± 40% 
fine grained matrix of quartz, plagioclase, calcite, chlorite and sericite (Figs. 4.4E and F). Centimetre-scale 
tension gashes filled with calcite cross-cut lithoclasts but not the schistose groundmass.
4.2.2 Supracrustal units 
4.2.2.1 Witwatersrand Supergroup
The supracrustal sequence is composed of metasedimentary rocks of the lower West Rand Group (Fig. 2.2). 
Quartzite form areas of positive relief surrounded to the east (structurally below) and west (structurally 
above) by low-lying topography. The quartzite units exist as either continuous ridges or discrete 100 m-scale 
lenses, as exposed in the ENE-facing cliff south of the Blaauwbank Spruit (Fig. 4.7A).  Well-preserved 
cross-bedding was used to determine the orientations of quartzite members. Four quartzite units, namely the 
structurally highest quartzite exposed in the cliff face are downward-facing. Consistently, overturned beds 
showed reverse grading and overturned cross-bedding, defined by upward-coarsening (Fig. 4.7B).
The Witwatersrand Supergroup rocks at Zwartkops include medium grained quartzite and medium- to coarse 
grained metapsammites, containing 5-15% matrix of fine grained white mica. Some quartzite shows a light 
green colouration, highlighting bedding and cross-bedding surfaces. Subordinate grit- to clast-supported 
conglomeratic horizons have a matrix consisting of fine grained quartz and white micas. Local conglomerate 
lags contain rounded to subrounded 0.5-2 cm size quartz pebbles and show intermediate sorting. Normally-
graded sequences show upward-fining from conglomeratic through gritty to medium grained metapsammites, 
but not all siliciclastic units demonstrate such distinctive grading, showing only a variation from coarse- to 
medium-grained. Locally-developed horizons of fine grained metasiltstone (locality JD 02) with a white 
mica matrix are identifiable by their dark-grey fresh (unweathered) surfaces. At the microscale, quartz 
grains across different samples show variable degrees of weak crystal plastic deformation, such as undulose 
extinction and deformation bands. Dynamic recrystallisation by bulging along grain boundaries is evident. 
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Figure 4.7: Field photographs and photomicrograph of cover rocks at Zwartkops. (A) Panoramic view of the 
ENE-WSW-trending cliff south of the Blaauwbank Spruit (Fig. 4.3) in which 100 m-scale quartzite lenses are 
exposed as light-coloured rocks surrounded by vegetation. (B) Vertical view of downward-facing quartzite 
indicated by overturned cross-bedding. (C) XPL photomicrograph of tectonic quartzitic breccia (locality JD 
37). (D) Nodular pelitic schist (locality JD 35) carrying weak schistosity (inclined view). (E) An inclined view 
of Contorted Bed BIF (locality JD 131). 
45
Figure 4.8: The Zwartkops outlier can be divided into southern, central and northern sections. Southern 
Zwartkops refers to the area south of the Blaauwbank Spruit river, central Zwartkops the ± 1 km section directly 
north of the river and northern Zwartkops, the area outcropping across the northern section of the studied 
area. Three tectonostratigraphic profiles from southern, central and northern exposures of Witwatersrand 
Supergroup and Mesoarchean basement rocks at Zwartkops. Possible correlations between different units are 
indicated by dashed lines between the profiles. Determination of top-to-the-south sense of shear along tectonic 
contacts is discussed in chapter 5. Profile lines for southern, central and northern Zwartkops are shown in 
Figure 4.3. Ages reported in grey blocks are 40Ar/39Ar ages and in white is a U-Pb zircon age from this study 
(chapter 6). All ages are given in millions of years.
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Locally-developed tabular 5-15 m-thick, quartzitic clast-supported breccias cross-cut bedding in 
Witwatersrand Supergroup quartzite units at high angles. Their tabular geometry and cross-cutting 
nature suggest a tectonic origin for the breccias compared to bedding subparallel lens-shaped or stock-
work geometry expected for sedimentary and hydrothermal breccias respectively. Fine grained siliceous 
and micaceous material constitutes the matrix and amorphous silica cement clasts. Quartzitic lithoclasts 
and fine grained micaceous and siliceous matrix are all interpreted as derived from a quartzite protolith. 
Quartz and white mica matrix (20-100 µm in size) surround angular quartz clasts. Both clast and matrix 
components are randomly oriented and dispersed throughout the rock. Bulging-recrystallization is present 
in quartz producing uniformly sized neograins at the boundary between large porphyroclasts (Fig. 4.7C). 
Brittle deformation of quartz is noticeable as minor fracturing of quartz clasts. This brittle deformation 
contrasts with undulose extinction in quartz as evidence for crystal plastic deformation. There is no evidence 
for fluid-assisted deformation, with identifiable deformation mechanism being cataclasis and recovery via 
dynamic recrystallisation. This cataclasis along with matrix constituents appearing recrystallised supports 
the interpretation of this rock as a tectonic breccia.
Ferruginous pelitic schist intercalations exist between quartzite units. The ferruginous pelitic schist is 
typically dark red on fresh and weathered surfaces, although they vary to a dark grey colour in the ENE-
facing cliff, where they are interspersed between the 100 m-scale quartz lenses (Fig. 4.7A). A nodular variety 
exists between two of the quartzite lenses (locality JD 35) whereby remnant iron-rich concretions have 
weathered negatively to the surrounding ferruginous pelitic schist, creating a pock-marked appearance on 
the weathered surface (Fig. 4.7D). A highly magnetic BIF is exposed north of the Blaauwbank Spruit (Fig. 
4.3). These rocks are composed of a millimetre- to centimetre-scale layers of alternating iron-rich, dark grey 
to red pelitic material and milky-white chert (Fig. 4.7E). West Rand Group rocks outcropping at Zwartkops 
show poor lateral continuity across south, central and north Zwartkops and therefore few to no units are easily 
correlated. A few robust units, such as overturned quartzite exist, but are only persistent across southern and 
central Zwartkops, as shown in Figure 4.8.
4.2.2.2 Ventersdorp Supergroup
West Rand Group pelitic schist located north of the Blaauwbank Spruit, on the western flank of the ridge 
defined by Witwatersrand Supergroup quartzite (locality JD 109, Fig 4.3), is sharply juxtaposed against 
quartz porphyry schist and pelitic schist of the Ventersdorp Supergroup (see section 4.2.3 below for the 
interpretation of these rocks as belonging to the Ventersdorp Supergroup). Sharp N-S-striking subvertical 
contacts separate these units. Both Witwatersrand and Ventersdorp supergroups schists carry a gently to 
moderately S-SW-dipping schistosity which cross-cuts the subvertical lithological contacts separating the 
schistose units (locality JD 108, Fig. 4.3). Quartz porphyry schist is composed of a fine grained talc-mica 
matrix supporting 1-2 mm sized rounded quartz porphyroclasts. On average, quartz porphyry schist is soft 
and highly friable with light cream-yellow coloured fresh and weathered surfaces. Locally, quartz porphyry 
schist is not friable, is harder to break and has a shinier light grey appearance on both fresh and weathered 
surfaces. These rocks are interpreted to be silicified. Exposed to the west, and with unclear contact, is light 
grey-green pelitic schist. This pelitic schist is composed of rounded, fine grained quartz surrounded by 
biotite and chlorite-rich matrix. 5-30 m-thick quartz veins cut these units. 
4.2.2.3 Transvaal Supergroup
Coarse grained to gritty quartzite outcrops along a NE-SW trending ridge at the northern margin of the 
study area (Fig. 4.3). Quartzite is well-bedded but contains poorly developed cross bedding. Dark grey slate 
is intercalated within and overlies the quartzite. Bedding-parallel slaty cleavage characterises the slate. Grey 
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to brown dolomite overlies the quartzite and associated slate. The dolomite contains clear bedding as defined 
by cherty inter-layers and is devoid of oolites and stromatolites. Quartzite, intercalated slate and overlying 
dolomite are all conformable with primary contacts observed. In contrast, this quartzite is unconformable 
with underlying quartz porphyry schist and Mesoarchean schistose Mesoarchean basement Mesoarchean 
metagranodiorite (see section 5.2.1.2). 
4.2.3 Interpretation of stratigraphy
The West Rand Group contains several iron formations (Fig. 2.2), two of which outcrop at Zwartkops. As the 
stratigraphically lowest iron formation is underlain by pelitic schist and directly overlain by a thin quartzite 
member, it is interpreted to be the metamorphosed equivalent of the Water Tower magnetic mudstone (SACS, 
1980) superseded by the Bulskop quartzite. The BIF is bound stratigraphically (with primary gradational 
contacts) above and below by pelitic schist is thought to represent the Contorted Bed BIF surrounded by 
Parktown shale (now schist). The occurrence of these marker beds at Zwartkops suggests that the surrounding 
pelitic schist units belong to the Parktown Formation (Fig. 2.2). 
The quartz porphyry schist is similar to the one described for the Dominion Group; however Stanistreet 
and McCarthy (1990) identified boulders of Witwatersrand Supergroup quartzite in the quartz porphyry 
schist (current study) at the Zwartkops outlier and so classified this volcanic rock as part of the Ventersdorp 
Supergroup. These quartzite boulders of Stanistreet and McCarthy (1990) are not observed in this study, but 
this could be due to recent earthworks on the farm in which these rocks are exposed, and as such the quartz 
porphyry schist and associated pelitic schist are most likely of the Ventersdorp Supergroup.  Quartz porphyry 
schist is interpreted to represent a unit of the Platberg Group (Ventersdorp Supergroup), as only intermediate 
to mafic volcanic units are reported for the older Klipriviersberg Group of the Ventersdorp Supergroup (Fig. 
2.2, Eriksson et al., 2005). The porphyritic texture suggests that the felsic schist at Zwartkops represents a 
deformed quartz porphyry (as porphyroclasts are composed of quartz) of the Makwassie Formation. The 
pelitic schist most likely represents the Rietgat Formation of the Platberg Group despite the contact between 
adjacent pelitic schist and quartz porphyry schist being unexposed. The lack of fine grained clastic rocks 
reported for the Klipriviersberg Group (Fig. 2.2, Eriksson et al., 2005) supports the classification of the 
pelitic schist as belonging to the Platberg Group. 
The succession of quartzite intercalated with slate and overlain by dolomite represents well the basal units 
of the Transvaal Supergroup. The quartzite is interpreted as the Black Reef Formation (BRF), a prominent 
marker bed of the Transvaal Supergroup (SACS, 1980). The brown to grey colour of conformably overlying 
dolomite represents rocks of the Oaktree Formation of the Malmani Subgroup (SACS, 1980). This stratigraphic 
succession is expected for basal units of the Transvaal Supergroup (Fig. 2.2, Eriksson et al., 1994; Lenhardt 
et al., 2012) and indicates younging to the north.
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5. Results: structural geology
Two areas are identified as key regions to examine structures recorded in both Mesoarchean basement and 
supracrustal sequences of the Johannesburg Dome; the Zwartkops outlier and the Krugersdorp Game Reserve 
(Fig. 1.1). The geometry of bedding planes and deformation fabrics and microstructural and metamorphic 
record indicate that rocks of the Johannesburg Dome have undergone several phases of deformation. Locality 
positions are shown in Figures 4.1 (Krugersdorp Game Reserve) and 4.3 (Zwartkops outlier).
5.1 Krugersdorp Game Reserve
5.1.1 Summary of deformation record
Rocks at the reserve show evidence for several deformation phases:
• D1: deformation at lower greenschist facies of bedding in Pre-Transvaal Supergroup rocks into an N-S-
striking steep orientation (domain 1A, Fig. 5.1A).
• D2: transposition of S1 surfaces to moderately to steeply N-S-dipping bedding-subparallel S2 (domain 1A, 
Fig. 5.1A) at biotite grade of greenschist facies. 
• D3: steep to subvertical north or south-dipping spaced cleavage S3A in BRF quartzite, axial planar to 
upright F3A folds formed during D3A.  F3B folds with north-dipping S3B axial planar cleavage locally 
refold S3A cleavage during progressive D3. Although the orientation of S2 and S3A is similar in places, the 
intensity of S2 is greater than S3A in the reserve. A decametre-scale wide subvertical shear zone in BRF 
cross-cuts S3A.
5.1.1.1 Importance of pre-D3 depositional contacts, the BRF angular unconformity
A ± 2 m-wide prospecting trench dug in Domain 1B (locality JD 220, Fig. 5.1A) reveals an angular, sharp 
unconformity between West Rand Group ferruginous pelitic schist and BRF quartzite. The pelitic schist 
carries a shallow SE-dipping S2, while the bedding of the overlying BRF dips gently to the NW, parallel to 
the plane of unconformity (Fig. 5.2). The BRF contains a thin gravel lag close to the contact with the pelitic 
schist. D2 structures are confined to rocks older than those of the Transvaal Supergroup, located below the 
angular unconformity, while D3 structures occur in rocks above the unconformity. The exception to this is D3 
shear zones developed in both Witwatersrand and Transvaal supergroup rocks. D1, D2 and D3 are described 
in sections 5.1.2.1, 5.1.2.2 and 5.1.2.3 respectively. 
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Figure 5.1: Structural map of extrapolated foliation trajectories in the Krugersdorp Game Reserve. (A) The 
reserve is separated into 2 different structural domains based on the dominant structures located within 
although domain 1 is further subdivided due to the internal variation of foliation orientations.  (B) Strike 
directions of S1, S2 and S3 shown in red, yellow and blue respectively.
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Figure 5.2: Angular unconformity between Witwatersrand Supergroup ferruginous pelitic schist carrying 
moderately SSE-dipping S2 schistosity and overlying gently WNW-dipping BRF quartzite (locality JD 220, 
domain 1B, Fig. 5.1). A basal pebble lag is noticeable at the base of the 0.5-1 m-thick BRF bed.
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5.1.1.2 Separation of structural domains
The structural domains were subdivided based on differing structural inventories and fabric intensities. D1, 
D2 and D3 structures show preferred spatial distribution throughout the reserve allowing for the definition of 
two structural domains (Figs. 5.1A and B). Domain 1 in which D1 and D2 structures are observed and occur 
in the erosive windows through Transvaal Supergroup rocks, exposing older rocks of the Witwatersrand 
Supergroup. This D1-D2 elongated domain across the centre of the reserve is subdivided into domains 1A 
and 1B. In domain 1A steep to subvertical S2 is observed, while shallow-dipping S2 is found in domain 1B. 
Domain 2 occurs as two separated regions located to the north and south of domain 1. 
Figure 5.3: Block diagram and cross section constructed from section lines A-B and C-D (Fig. 5.1B) 
respectively, showing the surface geology of the reserve projected at depth. Deformation fabrics and their 
relationships are shown. Structural data plotted on equal area lower hemisphere projection where planar 
data are plotted as poles to planes. (A) Bedding orientation in Witwatersrand Supergroup quartzite suggesting 
early D1 deformation event. D2 structures recorded in Witwatersrand Supergroup rocks where steeply to 
shallowly N-, S- and SE-dipping bedding-subparallel S2 (B) and (C) is noticeable. D3 structures affecting 
Transvaal Supergroup rocks shown in D-F. (D) Gentle undulations in BRF bedding orientations thought to be 
primary, with the BRF ‘draped’ over the paleotopographic high of Witwatersrand Supergroup rocks in domain 
1 (Fig. 5.1A). Steeper geometries interpreted as folding. Crenulation lineation L3 is also reported here. (E) S3A 
cleavage interpreted as axial planar to F3A folds is the dominant metamorphic foliation developed in Transvaal 
Supergroup rocks. Gently W-plunging lineations (D) are oriented parallel to B3 fold axes (F) except for the 
outlier fold axis (locality JD 197) plunging shallowly to the SSW. 
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5.1.2 Meso- and microscale observations
5.1.2.1 D1 structures
The earliest recorded, least-preserved deformation event at the Krugersdorp Game Reserve occurs in 
Witwatersrand Supergroup quartzite and Promise Formation diamictite (domain 1A, Fig. 5.1A). D1 is evident 
as the tilting of bedding of Witwatersrand Supergroup rocks to steep, N-S-striking attitudes prior to the 
deposition of the Transvaal Supergroup rocks. Well-exposed cross-bedding indicates the younging direction 
to the east in steeply E-dipping Witwatersrand Supergroup quartzite (domain 1, locality JD 178, Figs. 5.1B, 
5.3A and 5.4A). There is no metamorphic foliation associated with D1.
Figure 5.4: Field photographs and PPL photomicrographs of (A) Inclined view of steeply E-dipping 
S0 preserved in Witwatersrand Supergroup quartzite (domain 1A, Fig. 5.1A). (B) Inclined view of steeply 
N-dipping S2 schistosity developed in Witwatersrand Supergroup pelitic schist, the centre of domain 1A. (C) 
PPL photomicrograph of Witwatersrand Supergroup pelitic schist (JD 163, domain 1A Fig. 5.1A) carrying 
bedding-subparallel S2 and minor horizontal anisotropy which is an isolated occurrence at the reserve. (D) 
Shallowly SE-dipping S2 parallel bedding in Witwatersrand Supergroup metaconglomerate, Ada May reef 
(vertical view, domain 1B, Fig. 5.1A). (E) Amorphous silica amygdales in amygdaloidal Crown Lava (JD 174, 
domain 1B, Fig. 5.1A). Amygdales show shape preferred orientation parallel to dissolution planes defining the 
S2 schistosity in a biotite-rich matrix.
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5.1.2.2 D2 structures
D2 structures are the most abundant structures in rocks of the Witwatersrand Supergroup at the reserve and 
are in structural domains 1A and 1B (Fig. 5.1A). These structures (Fig. 5.3B) primarily consist of shallowly 
to steeply E-W-striking bedding and S2 schistosity (Figs. 5.3B and C). F2 folds and L2 lineations have not been 
observed at the Krugersdorp Game Reserve. Central to the reserve, in domain 1A (Fig. 5.1A), relict steeply 
N-S-striking bedding, in S1 position (Fig. 5.3A), is rotated to parallel the orientation of bedding in S2 position 
(Figs. 5.3B and C).
5.1.2.2.1 Planar structures
S2 is heterogeneously developed in rocks of the West Rand Group (Fig. 5.3C). S0 in domain 1A (Fig. 5.1A) is 
steep to subvertical and strikes E-W to NE-SW. There, a bedding-subparallel S2 schistosity defined by white 
mica (in quartzite) and biotite (in schist), dips steeply to the north and south or SW (Figs. 5.3B and 5.4B). 
This S2 schistosity is ubiquitously developed in rocks of the West Rand Group but varies in intensity across 
rock type. Well-developed S2 (spaced 1-2 mm and defined by preferentially aligned biotite), is pervasive 
and continuous in ferruginous pelitic schist (locality JD 163, domain 1A, Figs. 5.1A and 5.4C) but poorly 
developed in well-sorted quartzite (0.5-1 cm spacing where developed).  Under the microscope, the fine 
quartz grains (20-50 µm in size) display low-temperature crystal plastic deformation in the form of weak 
undulose extinction. Fe-rich opaque minerals (sized 100-200 µm) disseminated in the rock do not show any 
associated pressure shadows.
S2 in West Rand Group rocks outcropping in structural domain 1B (Fig. 5.1A) is consistently bedding-
subparallel and shallow to moderate SE. Here cross-bedding is well preserved, upward-facing and younging 
to the SE (Fig. 5.4D). In comparison to S2 in domain 1A, S2 in amygdaloidal Crown Lava (locality JD 174, 
domain 1B, Figs. 5.1A and 5.4E), is not defined by the preferential alignment of minerals, but by dissolution 
planes forming a disjunctive cleavage in the rock. In thin sections, these dissolution seams are located 
along the long axis of elongated amygdales and shape preferred quartz grain edges oriented subparallel to 
the disjunctive cleavage. Quartz grains show undulose extinction suggesting the rock has also undergone 
intracrystalline deformation. Evidence for dynamic recrystallisation indicated by bulging recrystallisation of 
grain boundaries in quartz. Some quartz grains appear annealed, with straighter grain boundaries suggesting 
a further post-deformation recovery. Quartz veins create a stock-work which cuts through the S2 planes. The 
fluid-assisted D2 in domain 1B is in contradiction with deformation in Witwatersrand Supergroup schist 
of domain 1A, which shows no evidence for fluid-assisted deformation with S2 appearing as metamorphic 
foliation.
5.1.2.3 D3 structures 
D3 structures (Figs. 5.3D-F) are developed in units of the Transvaal Supergroup, namely BRF quartzite and 
associated metagreywacke (domain 2, Fig. 5.1A). An S3A cleavage is axial planar to F3A folds and is locally 
refolded by F3B folds and an associated axial planar S3B. 
5.1.2.3.1 Planar structures
The bedding in BRF quartzite varies in orientation (Figs. 5.1B and 5.3D), dipping gently to the east, west 
or north. The S0 in the Transvaal dolomite dips gently to the south (locality JD 158, Figs. 5.1A and B) with 
the dip decreasing southward to become horizontal. At the southernmost extent of northern domain 2 (on 
the northern bank of the Tweelopies Spruit, localities JD 191 and 219) the dolomite dips gently to the NNW. 
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Figure 5.5: Orientations of folded bedding with associated field photograph. Bedding planes plotted as poles 
to planes defining girdles from which fold axes are calculated (denoted by the star). (A) Inclined view of the 
anticlinal fold in BRF quartzite (locality JD 157) and (B) corresponding structural data. (C, inclined view) and 
(D) taken from folded BRF quartzite at locality JD 197 whose fold axis plunges shallowly to the SSW compared 
to shallowly W-plunging fold (locality JD 157).
Where folded, the BRF dips moderately to steeply in all directions (localities JD 157, 181, 195, 197). A 
decametre-scale upright anticline of BRF quartzite outcrops north of the Tweelopies Spruit (locality JD 
157, northern domain 2, Figs. 5.5A and B). The anticlinal F3A fold hinge plunges shallowly to the west and 
is immediately overlain to the north by dolomite and to the south by slate and dolomite. Schistosity in the 
slate adjacent to folded BRF quartzite dips steeply to the north or south and is in places subvertical (Fig. 
5.3E). This schistosity is interpreted as axial planar S3A to adjacent the F3A fold. Variations in the dip angle 
are interpreted as cleavage fanning. 
S3A cleavage is moderately-dipping (mesoscale observation, Figs. 5.6A and 5.6B) and bedding-parallel in 
metagreywacke intercalations (microscale observation) in BRF quartzite. Measurements of shallowly-
dipping, bedding-parallel S3A are excluded from Figure 5.3E as these structures are visible only at the 
microscale.  S0 in metagreywacke is denoted by quartz-rich and mica-rich zones. Here S3A is represented as 
closely-spaced penetrative cleavage with 100-500 µm sericite (Fig. 5.6B). Under the microscope, planes of 
dissolution are oriented parallel to S3A and anastomose around larger quartz grains, forming a disjunctive 
cleavage. Crystal plastic deformation and dynamic recrystallisation are evidenced by undulose extinction 
and bulging grain boundaries in quartz. Pressure shadows of white mica formed parallel to S3A around rigid 
quartz grains.  Fluid transfer is involved during deformation as indicated by a pressure solution cleavage and 
pressure shadows. 
Local folding of S3A in metagreywacke by cm- to mm-scale, upright, open, gently W-plunging folds F3B is 
well-exposed in an exploration adit (locality JD 181 northern domain 2, Figs. 5.1A, 5.6C and D). The F3B 
folds display steeply to moderately NW-dipping axial planar S3B (Fig. 5.6B). This NW-dipping cleavage is a 
minor occurrence, only observed in one outcrop at the reserve. Other F3A folds at the reserve include metre-
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scale open, SSW-verging folds that plunge moderately to the NW. BRF quartzite is folded into an isolated 
decametre-scale, open anticline that plunges to the SSW (locality JD 197, northern domain 2, Figs. 5.1A, 5.5C 
and D). This fold does not appear compatible with general F3A or F3B folding and is difficult to understand 
with regards to deformation at the reserve as no overprinting relationships with other structures are observed. 
5.1.2.3.2 Linear structures
The gently N-dipping S0 in BRF quartzite carries ± 1 cm-wide mullion structures, L3A (Figs. 5.3D and 5.6A), 
that plunge shallowly to the west, approximately parallel to B3A fold hinges (Fig. 5.3F). These mullions, 
exposed in the exploration adit dug into the BRF (locality JD 181 northern domain 2, Fig. 5.1A) are symmetric 
and face downwards with associated upward pointing cusps. Exposed at the same locality, bedding-parallel 
S3A in metagreywacke carries a 1-2 mm-wide shallowly W-plunging crenulation lineation L3B (Figs. 5.6A and 
C). The L3B crenulation lineation is similar in orientation to L3A, and F3A fold hinges (Fig. 3F).
Figure 5.6: (A) Vertical field photograph of D3 structures exposed in the adit (locality JD 181 northern domain 
2, Fig. 5.1A). Here shallow N-dipping bedding locally folded by F3A forms mullion lineation L3A. Steep S3A in 
quartzite, locally crenulated by L3B crenulation lineation. (B) XPL photomicrograph of BRF metagreywacke in 
which S0 is well developed. Bedding-parallel S3A is refolded by F3B crenulations forming moderately N-dipping 
axial planar S3B. (C) Vertical field photograph of L3B crenulation lineation and axial planar S3B refolding S3A 
schistosity. (D) Mesoscale F3B fold where vein quartz forms the dominant layer controlling folding. F3B and 
axial planar S3B folds S3A in the underlying metagreywacke.
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5.1.2.3.3 Shear zones
Both Witwatersrand and Transvaal supergroups quartzite display metre-scale shear zones (domains 1A and 
2, Fig. 5.1A). The shear zones take the form of a few anastomosing shear bands around which the quartzite is 
intensely cleaved. All kinematics are determined perpendicular to cleavage and parallel to mineral stretching 
lineation. The shear zones developed in Witwatersrand Supergroup quartzite are subvertical to steeply SE-
dipping (Fig. 5.7A). The well-developed and closely-spaced (2-10 mm that tightens towards the shear zones) 
S2 cleavage in the quartzite is rotated to parallel the shear zones, indicating a sinistral NE-SW sense of 
shear (Fig. 5.7B). Corroborating these kinematics are less deformed, centimetre-scale, asymmetric quartzite 
sigmoid surrounded by the closely-spaced cleavage in the shear bands. 
Similarly, in BRF quartzite (locality JD 183, domain 2, Fig. 1A), the subvertical to steeply SE- to NW-
dipping S3A cleavage (spaced 1-10 mm, Fig. 5.7C) is rotated parallel to the shear bands (Fig. 5.7D). The S3A 
schistosity here also carries subhorizontal to gently NE-SW-plunging mineral stretching lineation. Outside 
the shear zone network (5 m2 pavement), the BRF quartzite is not cleaved. In contrast to the shear zones in 
the Witwatersrand Supergroup quartzite, the shear zones in the BRF quartzite show both sinistral and dextral 
kinematics. Shear zones in the Witwatersrand Supergroup quartzite are dispersed among several outcrops 
and are not interconnected (localities JD 162 and 174, domain 1A, Figs. 5.1A and 5.7A), while the shear zones 
in BRF quartzite form a conjugate network. No clear cross-cutting relationship is observed between dextral 
and sinistral shear zones occurring together in BRF. The shear zones from both Witwatersrand Supergroup 
and BRF quartzite appear identical in the outcrops and at the microscale. Quartz in all the shear zones 
shows evidence for crystal plastic deformation as undulose extinction and deformation bands. Dynamic 
recrystallisation is evidenced by bulging of quartz grain boundaries. A stretching mineral lineation is visible 
in thin section as 100-250 µm-sized sericite and elongated quartz ribbons, but no kinematic indicators are 
observed at the microscale. Pressure shadows of sericite developed around some quartz grains indicate the 
presence of fluids during deformation (Figs. 5.7E and F).
57
Figure 5.7: Metre-scale shear zones developed in both Witwatersrand and Transvaal supergroups quartzite. 
(A) Shear zone orientation in Witwatersrand Supergroup quartzite (represented by great circles of schistosity in 
shear zones parallel to shear walls) and associated quartz stretching lineation (dots). Sinistral kinematics are 
shown. (B) Inclined field photograph of sinistral shear zone in Witwatersrand Supergroup quartzite (domain 
1A). Here quartz sigmoid in the shear zone indicates the sense of shear. (C) Orientations of schistosity in shear 
zones and associated quartz stretching lineation for both sinistral and dextral shear zones in BRF quartzite 
plotted together. Pavement views of (D) dextral shear zone in BRF quartzite where S3A cleavage dragged to 
parallel shear walls. XPL photomicrographs of sheared Witwatersrand Supergroup and BRF quartzite shown 
in (E) and (F), respectively.
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5.2 Zwartkops outlier
5.2.1 Summary of deformation record
Deformation phases identified at the Zwartkops outlier include:
• Di: upper amphibolite facies steeply SE-dipping gneissosity Si carrying steeply SE-plunging aggregate 
mineral lineation Li in Mesoarchean basement granodiorite (domain 2, Fig. 5.8A). This deformation and 
associated high-grade metamorphism do not affect supracrustal sequence rocks and are therefore older 
than the deposition of the Witwatersrand Supergroup. 
• D1: greenschist facies steep to subvertical N-S-striking lithological contacts between Witwatersrand and 
Ventersdorp Supergroup rocks which parallel beddings in Witwatersrand Supergroup quartzite (domain 
1, Fig. 5.8A).
• D2: biotite-grade greenschist facies gently to moderately S- to SW-dipping S2 schistosity, axial planar to 
recumbent and S-verging F2 folds, of various intensities (domains 1 and 2, Fig. 5.8A). This deformation 
does not affect the rocks of the Transvaal Supergroup and is interpreted to have been active before the 
formation of the Transvaal Supergroup. 
• D3: shallowly to steeply S-SW-dipping S3A cleavage axial planar to upright, or N-verging F3A folds in 
BRF quartzite and overlying Transvaal Supergroup slate and locally in Mesoarchean basement (domain 
3, Fig. 5.8A). Pre- to syn-D3A andalusite porphyroblasts locally developed in Transvaal Supergroup slate 
(domain 3, Fig. 5.8A).
5.2.1.1 Mesoarchean basement contact with Archean rocks of the superstructure
The well-exposed contact between Mesoarchean basement and the supracrustal cover occurs at the 
Zwartkops outlier in both domains 2 and 3. In domain 2, south of the Blaauwbank Spruit, contact between 
Mesoarchean trondhjemite basement and Witwatersrand Supergroup quartzite and ferruginous pelitic schist 
is a moderately N-dipping nonconformity. Upper schistose cataclasite derived from structurally lower 
trondhjemite developed at this contact. The contact between schistose trondhjemite and quartzite shows 
an irregular morphology (Fig. 4.6). Here S2 developed in rocks above and below the nonconformity dips 
shallowly to the SSW and is therefore oblique to the contact between basement and cover. 
A D2 strain gradient (see section 5.2.2.3 for information on D2) where strain is partitioned is clear in 
Mesoarchean basement rocks below the nonconformity (domain 2, Fig. 5.8A). From structural top to bottom; 
upper schistose cataclasite contains weakly developed S2. Upper schistose cataclasite (locality JD 30, Figs. 
4.6 and 5.10A) grades down into schistose S2 trondhjemite (locality JD 29). Schistosity in the schistose 
trondhjemite decreases in intensity downwards towards the mesoscopically undeformed trondhjemite 
(locality JD 28). This undeformed trondhjemite represents the area of lowest strain at the core-cover interface. 
Structurally below the undeformed trondhjemite, the rock becomes progressively more schistose towards the 
contact with underlying chlorite schist. Where trondhjemite is in contact with chlorite schist (locality JD 44, 
Fig. 4.6) angular blocks of trondhjemite are embedded in a chlorite-rich matrix (Fig. 5.10B). This chlorite-rich 
matrix fills fractures near the periphery of angular trondhjemite blocks, and as elongate apertures extending 
into these angular trondhjemitic blocks. This rock represents a zone of higher strain, similar to the upper 
schistose cataclasite. Where the rock is mica-rich, S2 is again present (Fig. 5.10C) as preferentially aligned 
chlorite, biotite and sericite (200 µm-1 mm in size). Amygdaloidal chlorite schist (locality JD 12) carrying 
S2 (in places refolded as late F2 chevron folds), L2A and L2B (discussed in below in section 5.2.2.3.3) occur 
structurally below the lower schistose cataclasite.
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Figure 5.8: Structural map of the Zwartkops outlier. (A) The Zwartkops outlier separated into three structural 
domains corresponding to the spatial distribution of the dominant deformation event. (B) Extrapolated foliation 
trajectories based on structural strike direction of S1-S3. 
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Figure 5.9: Interpretative 3D block diagram of section A-B (section line shown in Fig. 5.8B) showing foliation 
trajectories. (A) Poles to bedding planes from Witwatersrand quartzite in domain 1. (B) Poles to bedding planes 
from domains 2 and 3 (Fig. 5.8A) scattered along an incomplete girdle in the NE-quadrant of the stereonet. 
This distribution is interpreted as incomplete transposition of S1-parallel bedding planes to S2 position. (C) 
Well-clustered F2-axial planar S2 schistosity. (D) L2A and B lineation are crenulation, intersection, mineral or 
aggregate lineation which parallel B2 fold axes as well as scatter in orientation to the south. (E) B2 fold axis. 
(F) to (H) show structures developed in the rocks of the Transvaal Supergroup (domain 3, Fig. 5.8). F3A-folded 
bedding represented as a girdle spread in bedding orientation. Differences in S3A orientation in BRF quartzite 
and overlying Transvaal Supergroup slate show the effect of cleavage refraction between the two rock types. 
Intersection and crenulation lineation L3 parallel calculated fold axes B3. 
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North of the Blaauwbank Spruit (locality JD 74, Fig. 4.3, domain 2, Fig. 5.8A), a window of the basement, is 
exposed in the structurally lowest upward-facing quartzite unit. Here a sharp contact exists between quartzite 
and schistose (S-tectonite) Mesoarchean basement granodiorite. This nonconformity appears as a tectonic 
contact which parallels S2 developed in both rock-types. 
5.2.1.2 Mesoarchean basement contact with Paleoproterozoic rocks of the superstructure
To the north of the studied area, an angular unconformity exists at the base of the Transvaal supergroup 
(domain 3, Fig. 5.8A). The expression of this unconformity in map view is as a triple point between 
Mesoarchean basement, Ventersdorp and Transvaal supergroups. On the southern side of this unconformity, 
an N-S-striking contact (inferred from mapping the rock distribution in the field, but unobserved directly 
due to poor exposure, Fig. 5.8B) separates Ventersdorp Supergroup and Mesoarchean basement rocks. To the 
north and at the unconformity, shallowly N-dipping BRF quartzite directly overlies Ventersdorp Supergroup 
quartz porphyry schist and Mesoarchean basement schistose granodiorite. Here, rocks older than those of 
the Transvaal Supergroup carry closely spaced, steep S-SSE-dipping S2 schistosity which is absent in the 
Transvaal Supergroup rocks. On the other hand, D3 structures are confined to rocks just below and above 
the unconformity, except for a few localities in structural domain 1 (Fig. 5.8A). The angular unconformity 
between Mesoarchean basement rocks of the Johannesburg Dome and BRF observed at Zwartkops is along 
strike with the one reported by Cheney et al. (1989) to the east (see chapter 2.2.4).
5.2.1.3 Separation of structural domains
The Zwartkops outlier is divided into three structural domains based on the dominant deformation present 
and existence of the BRF angular unconformity. Domain 1, in the centre of the Zwartkops ridge, exposes 
well-preserved D1 structures heterogeneously reworked by D2. To the south, domain 2 mostly exhibits D2 
structures with local D3 overprint, while the northernmost part of the area, domain 3, encompasses rocks of 
the Transvaal Supergroup only. Figures 5.8A and B show the structural domains and structures found within. 
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Figure 5.10: Scanned block of upper cataclasite cut perpendicular to S2. Calcite-filled tension gashes in 
lithoclasts are surrounded by fine matrix carrying S2. Lower schistose trondhjemite-chlorite schist contact 
(locality JD 44, domain 2, Fig. 5.8A). (A) Polished block showing trondhjemite block surrounded partially 
by the chlorite-rich matrix. Chlorite-rich material is filling fractures in the block. (B) Scanned block of JD 44 
lower schistose cataclasite where a chloritic aperture is surrounded by trondhjemite. (C) S2 well developed 
in this internal chlorite schist. Trondhjemite overlies amygdaloidal chlorite schist here. Chlorite schist 
intercalations are darker blue/grey on fresh surfaces and contain quartz, plagioclase and calcite lithoclasts 
compared to grey/green colouration (and presence of rounded quartz and calcite amygdales) of amygdaloidal 
chlorite schist (metabasalt). 
5.2.2 Meso- and microscale observations 
5.2.2.1 Mesoarchean deformation in the granitoid basement
Upper amphibolite facies SE-dipping gneissosity or stromatic migmatitic banding and steeply SE-plunging 
penetrative hornblende, biotite and quartz aggregate mineral lineation are characteristic of Mesoarchean 
basement gneissic granodiorite (Figs. 5.11A and B). Di varies from L>S in domain 3 to L-S and S>L in domain 
1. Si L-S (and S>L) tectonite, cross-cut by stock-work of granitic veins (Fig. 5.11C), is well preserved at the 
base of domain 2, along the bank of the Blaauwbank Spruit (Figs. 5.8A and B) and completely overprinted 
by later deformation events everywhere else. Si show relics of isoclinal, rootless folds and pinch-and-swell 
structures (Fig. 5.11D). 
The deformation of the Mesoarchean basement is interpreted to be older than deposition of the supracrustal 
sequences as it is of a higher (amphibolite versus greenschist facies) metamorphic grade. Si in domain 2 is 
cross-cut by post-Di mesoscopically undeformed, vertical and tabular granitic pegmatite. At the microscale, 
the pegmatite shows evidence of weak deformation (Fig. 5.11E). Quartz shows low-temperature ductile 
deformation as undulose extinction and deformation bands. Polysynthetic and microcline growth twinning 
in feldspar as well as cleavage in white mica are bent, kinked and offset in places. Evidence for recovery via 
dynamic recrystallisation is clear in quartz grains showing bulging of grain boundaries and formation of sub-
grains. Primary white mica distributed interstitially between quartz and feldspar grains, while secondary 
white mica replaces feldspar along fractures and grain boundaries as an effect of alteration (Fig. 5.11E). 
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Figure 5.11: Mesoarchean basement structures. (A) Vertical field photograph of Si in Mesoarchean gneissic 
granodiorite. The rock appears migmatitic in places. (B) Inclined view of steeply-SE-dipping Si carrying Li 
aggregate mineral lineation. (C) Pavement view of granodiorite cross-cut by stock-work of granitic veins, 
indicated by white arrows. (D) Vertical view of Si in gneissic granodiorite with en echelon veinlets and pinch-
and-swell structures visible. (E) XPL photomicrograph of granitic pegmatite deformed at the microscale. 
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5.2.2.2 D1 structures
The earliest structures that post-date the formation of the Witwatersrand Supergroup are related to D1 
event and only observed in the supracrustal rocks of domain 1 (Fig. 5.8A). Sharp subvertical, N-S-striking 
lithological contacts between West Rand Group Contorted Bed, and quartz-porphyry and pelitic schist of the 
Ventersdorp Supergroup define S1. Internal steeply W-dipping to subvertical S0 in West Rand Group quartzite 
and the Contorted Bed parallel these contacts (Figs. 5.8A and 5.12A). In places, this bedding is transposed 
in F2 folds (Fig. 5.12B). There does not appear to be any folding or metamorphic foliation associated with D1. 
Also, D1 structures are heterogeneously developed in the rocks at the Zwartkops outlier and are confined to 
domain 1 (Fig. 5.8A). In domains 2 and 3, D1 structures are absent at both meso- and microscale. 
Figure 5.12: Upright to inclined field photographs of D1 structures in domain 1 (Fig. 5.8A). (A) Steeply 
W-dipping bedding in Witwatersrand Supergroup quartzite. (B) Roughly N-S-striking bedding in Contorted 
Bed BIF (Witwatersrand Supergroup) transposed into F2 fold. 
5.2.2.3 D2 structures 
The most intense deformation at Zwartkops is attributed to the D2 deformation event. D2 led to the 
heterogeneous formation of a millimetre to 100 m-scale folding and associated axial planar cleavage in the 
Mesoarchean basement, Witwatersrand and Ventersdorp supergroup rocks. From the description below, the 
characteristic metamorphic assemblages forming S2 include biotite, chlorite and sericite. D2 was therefore 
active at biotite grade of greenschist facies.  
5.2.2.3.1 Planar structures introduction
Shallowly to moderately S- to SW-dipping S2 schistosity (Fig. 5.13A) is heterogeneously developed in rocks 
older than those of the Transvaal Supergroup at Zwartkops (domains 1 and 2, Figs. 5.8A and B). Spaced 
schistosity of varying intensity characterises more competent rock types such as Mesoarchean basement 
trondhjemite, lower and upper schistose cataclasites and Witwatersrand Supergroup quartzite. A strong, 
continuous, closely spaced (1-2 mm) penetrative schistosity affected basement chlorite schist, Witwatersrand 
Supergroup ferruginous pelitic schist, and quartz porphyry and pelitic schist of the Ventersdorp Supergroup.
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Figure 5.13: (A) Oblique view field photograph of S2 in Witwatersrand Supergroup pelitic schist. (B) Inclined 
view of S2 in Mesoarchean basement chlorite schist carrying L2A crenulation and L2B stretching mineral 
lineation. (C) PPL photomicrograph of Mesoarchean basement chlorite schist (JD 12, domain 2, Fig. 5.8A) 
containing remnant amygdales of quartz and calcite with S2 schistosity wrapping around (shown in the inset, 
XPL). (D) XPL photomicrograph of schistose cataclasite (locality JD 30, domain 2, Fig. 5.8A) with sericite 
comprising S2 schistosity and lithoclasts of recrystallised quartz. (E) SEM BSE image of plagioclase lithoclasts 
cross-cut by calcite-filled tension gashes. These tension gashes terminate at lithoclasts boundaries and do not 
propagate into the matrix. 
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5.2.2.3.2 Planar structures, Mesoarchean basement
S2 in Mesoarchean basement granodiorite is highly heterogeneously developed, being absent in domain 2 
where gneissic granodiorite outcrops, but strongly developed in domain 3 (Fig. 5.8B), where it dips steeply 
to the south. S2 occurs in chlorite schist (Figs. 5.13B and C) containing remnant amygdales from domain 2 
(locality JD 12, Fig. 5.8A). The chlorite schist is composed of 50-300 µm-sized matrix chlorite, biotite and 
white mica surrounding larger (0.5-2 mm) elliptical amygdales of recrystallised quartz and minor calcite 
(inset of Fig. 5.13C). S2 schistosity wraps around the amygdales. Quartz grains in polycrystalline cluster 
forming amygdales show undulose extinction and minor bulging recrystallisation as evidence for crystal 
plastic deformation and dynamic recrystallisation processes, respectively. Calcite grains show polysynthetic 
twinning with parallel composition planes (Fig. 5.13C). Pressure shadows of quartz and chlorite developed 
around amygdales in places. Amygdale-free chlorite schist (localities JD 56 and 77, domain 2, Fig. 5.8A), 
contains S2-parallel elongate 300 µm-sized chlorite and biotite grains, with common strong undulose 
extinction of quartz and chlorite grains.
In more competent rock-types, i.e. trondhjemite and upper schistose cataclasite (localities JD 29 and 30), 
cleavage is poorly developed, widely spaced (centimetre-scale) and discontinuous. In schistose cataclasite 
(locality JD 30, domain 2, Figs. 5.8A and 5.13D) fine-grained (≤ 100 µm) sericite defines a weakly developed 
S2 schistosity. S2-parallel dissolution planes occur along some quartz grain boundaries. Quartz lithoclasts 
show little evidence of internal deformation with minor undulose extinction and bulging recrystallisation 
of quartz-quartz grain boundaries. Straight-edged boundaries characterise most quartz lithoclasts, forming 
triple junctions. These triple junctions suggest that these aggregates experience little internal deformation 
or almost complete post-deformation annealing. Although calcite occurs as lithoclasts as well as part of the 
matrix, it also fills intragranular and intralithoclast tension gashes in quartz lithoclasts and quartz, plagioclase 
and calcite lithoclasts (Fig. 5.13E). These tension gashes are oriented at a high angle to S2 schistosity, and 
do not cross-cut S2 schistosity but instead, terminate at clast, lithoclast-matrix boundaries (Figs. 5.13E). 
When S2 is rotated back to horizontal, the orientation of tension gashes is approximated at steeply S-dipping 
(from oriented thin section cut perpendicular to S2). The presence of dissolution planes (although minor) and 
calcite-filled tension gashes imply fluids were present during and after deformation occurred. Cataclasis is 
the dominant deformation mechanism present in upper schistose cataclasite. 
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Figure 5.14: (A) Panoramic sketch (vertical view) of the ENE-facing cliff (domain 2, Fig. 5.8A) showing 
50 m-scale, overturned recumbent F2 fold in a quartzite lens (lens 3). The panorama sketch is drawn from a 
collection of drone videos that were recorded from an orthogonal distance of 10 to 50 m with the cliff face. (B) 
A drone photograph (vertical view) shows that the quartzite lens 3 is folded. (C) Data projections show the 
bedding folded, forming an N-S-trending incomplete girdle (with bedding plotted as poles to planes). Bedding 
data in the NE quadrant of the stereonet were measured in the field from fold limbs, while those in the SE 
quadrant are from the hinge zone of the fold. The hinge line of the fold calculated as a pi axis (left) and axial 
plane calculated as the plane bisecting the interlimb angles of the two limbs (constructed as great circles – 
right). Note that the fold axial planar surface is parallel to the S2 foliation (Fig. 5.9C).
5.2.2.3.3 F2 folding
Three main groups of folds are observed throughout the Zwartkops outlier. A hundred m-scale recumbent 
fold in the quartzite cliffs of domain 2 became evident during a drone survey (Fig. 5.14). Smaller-scale folds 
encompass folding of steeply N-S striking bedding planes or SW-dipping schistosities. Characteristics and 
interpretation of these folds are described below.
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F2 folding heterogeneously developed at different scales. Lens 3 quartzite (Fig. 5.14A) in the ENE-facing cliff 
(domain 2, Fig. 5.8A) is a newly recognised 100 m-scale, tight, gently inclined to the SW fold (Figs. 5.14A, 
B and C). The fold axis, calculated in a Pi-diagram in equal-area projection (Fig. 5.14C), plunges gently to 
the W and calculated axial plane dip shallowly to the SW. The upper limb of the fold faces downwards while 
the lower one is upward facing; hence the fold is south-facing.Symmetric metre-scale folding of Contorted 
Bed S0 deforms D1-related N-S-striking, steep S0 bedding in domain 1 (locality JD 131 Figs. 5.8A and 5.12B). 
Dip isogon patterns constructed for this Contorted Bed fold show that the best fit is with type 1b folds (Figs. 
5.15A, B and C). The shallowly SW-dipping axial plane calculated for this fold (as the plane which bisects 
the interlimb angle) is parallel to the S2 schistosity in the adjacent surrounding pelitic schist and subparallel 
to the F2-fold axial plane of the overturned recumbent fold in domain 2. 
Figure 5.15: dip isogons constructed for Contorted Bed BIF folds after the method of Ramsay and Huber 
(1987, p. 349). (A) Dip isogons for three folds all showing type 1b fold. Inclined to vertical views of folds used 
for dip isogon analysis indicated in (B) and (C). 
Well-developed asymmetric chevron folds (Fig. 5.16A) to symmetric conjugate contractional kink folds 
(Figs. 5.16B and C) affecting existing schistosity of West Rand Group pelitic schist were observed about 100 
m below the lower limb of the recumbent fold (locality JD 32, domain 2, Fig. 5.8A). The chevron folds plunge 
shallowly to the west and verge to the south. Bedding-parallel schistosity defined by 250-500 µm-sized 
biotite and chlorite. In addition, 50-100 µm-sized quartz grains show shape preferred orientation parallel to 
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folded schistosity in the limbs and hinge zone of the folds. Smaller parasitic folds are developed in mica-rich 
bands (Fig. 16D). Following the method of Ramsay and Huber (1987, p. 434), the paleostress direction was 
inferred from the orientation of the conjugate contractional kink fold and gave an N-S oriented compression 
(Fig. 5.16C). 
Figure 5.16: (A) Inclined view of late D2 chevron folds in Witwatersrand Supergroup pelitic schist (locality 
JD 32, domain 2, Fig. 5.8A), B2 fold axes are roughly shallowly W-plunging. (B) Symmetrical conjugate 
contractional kink fold (vertical view) developed at the same locality. Here S2 has folded about two sets of 
conjugate kink bands (shown on the figure as axial planes 1 and 2). From this layer-parallel N-S shortening (C) 
is calculated as per the method of Ramsay and Huber (1987, p. 434). (D) XPL photomicrograph of bedding-
parallel S2 is folded in F2 chevron fold (sample viewed normal to B2). (E) Inclined view of late F2 chevron fold 
refolding S2 in Mesoarchean basement chlorite schist (locality JD 12, domain 2, Fig. 5.8A). (F) Inclined view 
of S-verging F2 chevron folds folding bedding-parallel S2 in Ventersdorp Supergroup pelitic schist (locality JD 
122, domain 1, Fig. 5.8A). 
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Similarly oriented chevron folds in chlorite schist of the Mesoarchean basement (domain 2 Figs. 5.8A 
and 5.16E) and Ventersdorp Supergroup pelitic schist (domain 1 Figs. 5.8A and 5.16F) also refold existing 
schistosity (localities JD 12 and JD 122 respectively). In Ventersdorp pelitic schist bedding-parallel S2 
schistosity defined by aligned 250-500 µm size biotite and chlorite is folded by centimetre-scale chevron 
folds (locality JD 122, domain 1, Fig. 5.8A). Quartz grains show shape preferred orientation similar to folded 
bedding-parallel S2 planes in both the limbs and hinge zone of the fold (5.17A). Quartz aggregates form 
ribbons. Undulose extinction and bulging recrystallisation attest to crystal plastic strain. 2 to 5 m away from 
the chevron and kink folds at all these localities (localities JD 32, 12 and 122), the schistosity is gently SW-
dipping, suggesting that it belongs to S2. Because these angular folds are S-verging, they are interpreted as 
late D2. 
5.2.2.3.4 Planar structures, supracrustal sequences
In domain 2, bedding in West Rand Group rocks is dominantly shallowly S- to SW-dipping and upward-
facing (Fig. 5.9B). However, in three places, West Rand quartzite is overturned and shallowly S- to SW-
dipping; these include the structurally highest quartzite unit (lens 4, Fig. 5.14A) and upper part of lens 3 
that is exposed in the ENE-facing cliff, domain 2, the NW-SE-striking quartzite ridge that is cut by the 
Blaauwbank Spruit (Figs. 5.8B and 5.14).Ventersdorp Supergroup pelitic schist is intensely weathered, hence, 
outcrops of this rock type are poor compared to those of the Witwatersrand Supergroup at the Zwartkops 
outlier. Microscale observations of bedding reveal 200 µm-1 mm thick alternating bands of quartz- and 
biotite-rich material. This bedding is folded along with bedding-parallel S2 schistosity in centimetre-scale 
chevron folds (Fig. 5.17A).
Figure 5.17: (A) PPL photomicrograph of folded S0 and bedding-parallel S2 in Ventersdorp Supergroup pelitic 
schist. (B) PPL photomicrograph of ferruginous pelitic schist (JD 35, domain 2, Fig. 5.8A) displaying well-
developed S2 schistosity. Pressure shadows of disseminated opaque minerals are filled by chlorite and quartz. 
(C) XPL photomicrograph of S2 in Witwatersrand Supergroup quartzite (locality JD 68, domain 2, Fig. 5.8A). 
(D) Photomicrograph in PPL light of Ventersdorp Supergroup quartz porphyry schist (JD 127, domain 1, 
Fig. 5.8A) with S2 composed of fine sericite and S2 parallel dissolution planes. Pressure shadows surrounding 
quartz porphyroclasts are composed of sericite and fine grained quartz. Sample viewed parallel to sericite 
mineral lineation L2 and perpendicular to S2.
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The structures and microstructures of Witwatersrand Supergroup pelitic schist units from domain 2 are 
described below from the structural bottom to top (Fig. 5.8A). S2 in schist varies in orientation from bedding-
subparallel (samples JD 14, loose sample, 136-1, 136-2, 35, and 132) to inclined at ± 30° to bedding (JD 143, 
69, 98) and defined by 100 µm-1 mm in size biotite, chlorite and white mica. Where developed, the bedding 
occurs as 0.5-1 cm thick layers of rhythmic quartz and mica-rich layers (Appendix 1A to J). 
In general, quartz in the schist displays crystal plastic deformation as undulose extinction and variable degrees 
of dynamic recrystallisation via bulging recrystallisation of grain boundaries. Evidence for the presence of 
fluids exists in samples JD 136-1, 136-2, 75-1 and 75-2 where stock-works of ± 500 µm-thick quartz veinlets 
and quartz-filled tension gashes (blocky quartz vein fill) cross-cut the sample (Appendix K and L). The 
abundance of pressure shadows about disseminated oxides further indicates the presence of fluids during 
deformation. Pressure shadows of chlorite and quartz, on average, form symmetrically about oxides in the 
schist (loose sample, JD 136-1, 136-2). Pressure shadows show elongation in the plane of S2 (Appendix 1F 
and G). In places (sample JD 98), asymmetric pressure shadows are developed around oxides, where only one 
pressure shadow ‘wing’ is present either side of the oxide. There does not seem to be a preference on which 
side is the ‘wing’ developed. Some irregular pressure shadows occur as 300 µm-1 mm in length chlorite-rich 
ellipsoidal ‘haloes’ (sample JD 136-1, Appendix 1C) surrounding oxides. Others are composed of elongated 
minerals oriented perpendicular to the overall S2-parallel pressure shadow geometry (sample JD 35-3, Fig. 
5.17B).
Samples obtained from the structural bottom 20-50 m above the Mesoarchean basement-supracrustal 
sequences contact include samples JD 75-1, 75-2, 14 and 143. These samples are typically reddish-brown 
on fresh surfaces. A population of smaller (< 50 µm), randomly oriented micas is present in the rock. Sub-
rounded to elongate subhedral opaque minerals (sized 100-200 µm) is disseminated in the rock. Samples 
from a middling stratigraphic height (loose sample, JD 136-1, 136-2 and 137, Appendix 1M) have a dark 
green-grey colour on fresh surfaces. Quartz grains (20-250 µm in size) show elongated geometries and shape 
preferred orientation in the plane of schistosity. S2 schistosity and elongated quartz are crenulated (as seen 
in the loose sample, Appendix 1B). The structural top of the middling samples (occurring above the upper 
limb of 100 m-scale overturned recumbent fold, quartzite lens 3, Fig. 5.14A) is represented by sample JD 35. 
The sample is deep red (on the fresh surface) attributed to the high proportion of iron-rich oxides (anhedral 
to cubic geometries, 200-500 µm in size) compared to samples structurally below. The structurally highest 
schist (samples JD 69, 98 and JD 132, domains 2 and 1, Fig. 5.8A) contain disseminated anhedral to cubic 
oxides as well as porphyroblasts of chlorite showing slight shape preferred orientation parallel to S2 suggesting 
they are pre- to syn-S2. JD 132 in comparison to JD 69 and JD 98, has a spotted appearance with 1-1.5 mm-
sized lozenge-shaped holes rimmed by iron-oxide staining (Appendices 1G and H). These elongated spaces 
could represent the preferentially weathered (removed) remains of grain-shape-fabric oxides. S2 schistosity 
wraps around these lozenges, elongated in the plane of S2. S2 is rare to absent in iron-rich and cherty layers 
in Witwatersrand Supergroup BIF. 
In West Rand Group quartzite, the intensity of S2 schistosity development is proportional to the amount of 
matrix present at sample-scale. Quartzite with 10-15% sericite-rich matrix carries S2 schistosity and rare 
mineral lineation L2B, both composed of sericite (samples JD 62-2 and 68, Fig. 5.17C). In many places, S2 
is absent in quartzite (Appendix 1N, O, P, Q, R, S, T, U and V) where quartz grains show shape preferred 
orientation in the plane of S2 schistosity. Quartz grains show variable degrees of, but generally weak, crystal 
plastic deformation, such as undulose extinction and deformation bands. Dynamic recrystallisation in quartz 
occurs as bulging recrystallisation at the boundary of impinging grains. 
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Aligned sericite (20-100 µm in size) defines S2 in Ventersdorp Supergroup quartz porphyry schist (Appendix 
1W and X). This sericite, as well as fine quartz and amorphous silica, comprises the matrix surrounding 
0.5 - 1 mm-sized quartz phenocrysts (minor embayment supports their identification as phenocrysts and not 
amygdales). S2 wraps around quartz phenocrysts and parallels dissolution seams developed in the matrix. 
Sericite and fine quartz occur in pressure shadows about quartz phenocrysts. Sample JD 127 contains 
asymmetric quartz phenocrysts with pressure shadows and associated dissolution on either side of the grain 
defining a bulk asymmetry (Fig. 5.17D). This sample records top-to-the-north movement along S2 schistosity. 
100-200 µm-thick quartz veins cross-cut the quartz porphyry schist in samples JD 108, 111 and 127, with 
vein-fill characterised by bulging grain boundaries and undulose extinction. The presence of dissolution 
seams, quartz veins and pressure shadows about quartz phenocrysts indicates the presence fluid. Deformation 
mechanisms active here include pressure solution and dynamic recrystallisation.
The angle between bedding and S2 cleavage orientations differs by up to 30° (where cleavage is typically 
steeper than bedding), with SSW-dipping S0 and SW-dipping S2. The bedding is shallower in upward facing 
limbs and steeper in the downward-facing limb of the south-facing anticline. This fold facing indicates 
top-to-the-south or SW kinematics. The dip angle of S2 varies from 20° to 65°, steepening towards the 
Ventersdorp-Mesoarchean basement-Black-Reef angular unconformity (Fig. 5.8B). In domain 1 (locality JD 
108, Figs. 5.8A and B) S2 overprints the N-S-striking and the S1-parallel steep interface between Ventersdorp 
Supergroup quartz porphyry schist and Witwatersrand Supergroup ferruginous pelitic schist. Here S2 
schistosity continuously developed across the contact (Fig. 5.8B). 
5.2.2.3.5 Linear structures
Four types of penetrative D2 lineations occur in domains 1 and 2. They include S0-S2 intersection lineation, 
crenulation lineation, stretching mineral lineation and aggregate mineral lineation (Fig. 5.9D). Firstly, 0.5-1 
mm spaced crenulation lineation L2A (black squares in Fig. 5.9E) plunges shallowly to moderately the west 
and WNW (Fig. 5.9), paralleling B2 fold axes and are contemporaneous with F2 folding. Secondly, measured 
S0-S2 intersection lineations in Witwatersrand Supergroup rocks, are the most common linear features in 
domains 1 and 2 (Fig. 8A) and are separated into two populations (green dots in Fig. 5.9D); 1) shallowly 
SSW-plunging intersection lineation and 2) gently W-plunging lineation, mostly observed in domain 2. SSW-
plunging lineation measured in domain 1 (Fig. 5.8A) is interpreted to represent the intersection between 
subvertical N-S-striking bedding (in D1 position) and shallowly SW-dipping S2. W-plunging intersection 
lineations (Fig. 5.8A) are parallel to the hinge of the large-scale fold in lens 3 (Fig. 5.14). Spread in these 
data between SSW- and W-plunging attitudes are interpreted to represent the intersection between S2 and the 
range of S0 orientation from subvertical (D1 position) to flat-lying.  Pre-D2 flat-lying bedding is expected in 
areas of low D1 strain intensity. Similarly, shallowly SSW-plunging aggregate mineral (chlorite, biotite and 
sericite) and rodding lineations (red diamonds, Fig. 5.9) are interpreted to parallel the intersection between 
pre-existing subvertical N-S-striking S0 with S2. Lastly, down-dip stretching aggregate mineral (chlorite and 
sericite) lineation L2B on S-dipping S2 (yellow triangle, Fig. 5.9) is locally present in Mesoarchean basement 
chlorite schist (locality JD 12, domain 2, Figs. 5.8A and 5.13B). 
5.2.2.4 D3 structures
The third deformation event at Zwartkops is a progressive deformation, labelled D3A and D3B and well recorded 
in domain 3 (Fig. 5.8A). Here, Transvaal Supergroup rocks are heterogeneously deformed by F3A folds (Fig. 
5.9F) with S-dipping axial planar cleavage S3A (Fig. 5.9G). F3B folds and associated moderately N-dipping 
axial planar S3B locally fold S3A during D3B. 
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5.2.2.4.1 Planar structures
In domain 3, (Fig. 5.8A) the basal BRF quartzite forms a tabular, shallowly N-dipping 5-30 m-thick slab, 
gently folded in places. In folded areas, the F3A fold enveloping surface is also dipping to the north, at an angle 
of ± 20°. Trough cross-bedding in the BRF indicate that it is upward-facing.
Where folded, BRF bedding dips shallowly to moderately north and south along fold limbs, defining an 
incomplete N-S-trending girdle in equal area projection, and dips shallowly east and west in hinge zones (Figs. 
5.9F and 5.18A). This variation in hinge line orientation implies that F3A folds are not entirely cylindrical, at 
outcrop-scale. F3A folds in BRF, and overlying slate is north-verging, shallowly E-W-plunging centimetre- to 
decametre-scale, open folds.
Figure 5.18: (A) Inclined view of steeply S-dipping axial planar S3A cleavage developed in BRF quartzite (domain 
3, Fig. 5.8A). Here S3A is roughly perpendicular to bedding suggesting an F3A-fold hinge zone morphology. 
(B) Vertical view of north-verging F3A fold in Transvaal Supergroup slate (domain 3, Fig. 5.8A). B3 fold axis 
plunges shallowly to the west. (C) PPL photomicrograph of bedding-parallel S3A in Transvaal Supergroup 
slate (domain 3, Fig. 5.8A) weakly crenulated by moderately N-dipping S3B. Shape preferred andalusite 
parallels S3A and is crenulated. XPL inset is showing andalusite as pressure shadows about oxides. (D) PPL 
photomicrograph of Transvaal slate carrying gently S-dipping S0 and bedding-subparallel S3A. Here F3B folds 
crenulate S3A, and resultant moderately N-dipping axial planar S3B is seen. (E) F3A folding of Witwatersrand 
Supergroup quartzite located on the overturned limb of 100 m-scale recumbent F2 fold (inclined view, domain 
2, Fig. 5.8A). 
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S3A cleavage heterogeneously developed in Transvaal Supergroup rocks varies in intensity and orientation 
depending on rock type (Fig. 5.9G). In BRF quartzite steeply S-dipping to subvertical cleavage S3A (Fig. 
5.18A) is axial planar to F3A folds. In coarse to gritty quartzite containing ± 10% white mica and fine-grained 
quartz matrix, this cleavage is cm-spaced, penetrative, and defined by white mica. S3 cleavage is absent in 
quartzite with < 10% matrix and homogenous grain size. 
In contrast, S3A in slate occurs as shallowly S-SW-dipping slaty cleavage which is closely-spaced (1-2 mm), 
continuous and penetrative. S3A is bedding-parallel (Figs. 5.18C and D) in surrounding gently SSW-dipping 
slate (interpreted as fold limbs of a larger fold). Slate with bedding-subparallel S3A contain fine grained 
matrix chlorite (20-100 µm in size) and minor biotite surrounding elongated, light coloured 100-300 µm-
sized porphyroblasts composed of mineral aggregates with relatively high relief (in comparison to quartz), 
and low birefringence (maximum 0.018) thought to represent andalusite (Fig. 5.18C). S3A schistosity parallels 
long edges of the grain shape fabric porphyroblasts and is composed of chlorite and biotite. Andalusite 
also forms symmetric to asymmetric pressure shadows about 20-50 µm-sized rounded disseminated oxides, 
parallel to schistosity. S3A schistosity and elongated porphyroblasts are weakly crenulated. S2-parallel grain 
boundaries of the porphyroblasts appear to have experienced minor dissolution. In sample JD 123-2 (domain 
3, Fig. 5.8A), porphyroblasts are absent. Here asymmetric microfolds F3B with moderately N-dipping axial 
planes crenulate well-developed bedding-subparallel S3A (Fig. 5.18D). Cleavage refraction due to contrasting 
rock competencies results in the discrepancies noted in S3A orientation between BRF quartzite and overlying 
slate. In domain 2 (locality JD 24, Fig. 5.8A), an isolated metre-scale fold affected the downward-facing 
quartzite lens 4 (Fig. 5.18E). This open, fold with south-dipping axial plane plunges gently to the west and 
bears all geometric characteristic of Domain 3 F3A folds and so, is interpreted as formed during the D3 event.
5.2.2.4.2 Linear structures
Both shallowly W-plunging S0-S3A intersection lineation L3A (Fig. 5.9F) and closely spaced (1-2 mm) weak 
crenulation lineation L3A are carried by Transvaal Supergroup slate. They are subparallel to subhorizontal 
E-W trending B3A fold axes (Fig. 5.9H). This L3A crenulation lineation also developed in the steeply S-dipping 
S2 schistosity in Mesoarchean basement metagranodiorite found directly below the angular unconformity 
in domain 3 (Figs. 5.8A and B). This weak crenulation lineation occurs in and around F3A folds and so is 
confined to domain 3. Gently W-plunging crenulation lineation found in domains 1 and 2 (Fig. 5.8A) is more 
intensely developed and thus interpreted as L2A instead.  
5.2.2.5 Mesoarchean basement shear zone 
Along the Blaauwbank Spruit (domain 2), a decametre-scale shear zone network of m-wide shear bands 
developed in Di structures (Fig. 5.8A). Shear bands are composed of chlorite schist, derived from gneissic 
granodiorite of the Mesoarchean basement. Schistosity and aggregate mineral lineation in shear bands 
are composed of chlorite, sericite and biotite (100 µm-1 mm in size). The shear zone is well-exposed in 
a NE-facing slope which shows the XZ plane of finite strain perpendicular to schistosity and parallel to 
mineral aggregate lineation in the shear bands used for kinematic determination. The map in Figure 5.19 
shows variation in shear band orientations from gentle to steep E-, SE-, SW- and NW-dipping and locally 
carry shallowly to moderately SE-, SW- and NW-plunging mineral lineation. Remnant Di porphyroclastic 
hornblende is preserved locally (e.g. sample JD 27-2).
SE-dipping shear bands parallel Si gneissosity in less-deformed country rock. Surrounding shallow to steep 
schistosity is re-oriented to parallel two shear bands dipping shallowly to the SSW and NE (Figs. 5.20A and 
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B). The asymmetry of drag folds shows dextral top-to-the-SE movement along these shear bands. Individual 
shear bands that splay off from one another (Fig. 5.20C) form the boundaries of asymmetric lozenges of 
less-deformed granodiorite. One of these lozenges defines a sigmoid bound by two SE-dipping shear bands 
indicating sinistral top-to-the-NNW movement. Shear bands with a sinistral sense of shear are closer in 
orientation to Di in the host rock, while dextral bands formed at moderate to high angles to Di.
Sample JD 27-2 contains disseminated quartz clasts showing slight shape preferred orientation parallel to 
schistosity, as poorly developed quartz ribbons (Fig. 5.20A). Elongated aggregates of quartz showing internal 
deformation as undulose extinction, and dynamic recrystallisation by bulging recrystallisation and grain size 
reduction by sub-grain rotation. These quartz ribbons, along with sericite and biotite form moderately SW-
dipping schistosity (sample JD 27-1, Fig. 5.20B), cross-cut by surrounding mica-rich shear bands. In places, 
this schistosity is re-oriented to parallel shear bands. Elsewhere, the schistosity appears to have rotated 
counter-clockwise in shear bands to a present steeply NE-dipping attitude (Figs. 5.20B and C). This indicates 
a dextral sense of shear compatible with mesoscale observations. In addition, shear bands developed in 
sample JD 27-2 indicate dextral kinematics at the microscale (Fig. 5.20D) despite an absence of mesoscopic 
kinematic indicators along this shear band. No other kinematic indicators are present at the microscale. The 
overall geometry of shear bands about one another, combined with the geometry of less-deformed country 
rock (lozenges) and opposing kinematics across differently-oriented shear bands define a conjugate shear 
zone (Fossen and Cavalcante, 2017). 
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Figure 5.19: Detailed sketch of NE-facing exposure of a decametre-scale shear zone developed in Mesoarchean 
basement gneissic granodiorite (locality JD 27, domain 2, Fig. 5.8A). Here moderately to steeply SE-, SW- 
and NW-dipping schistosity in individual shear bands carry shallowly NE-, W- and NW-plunging mineral 
lineation. These structures, where measured together are recorded on data projections, schistosity in shear 
bands as great circles and mineral lineation as dots. Orientation of foliation at specific localities is given 
numerically as dip direction and dip angle. Inclined to vertical field photographs of individual shear bands 
showing different kinematics shown (A, B and C). Pre-existing moderately-dipping schistosity, interpreted 
as S2 as the most common tectonic fabric in domain 2 (Fig. 5.8A), is re-oriented to parallel shear bands, 
indicating dextral shear sense (A) and (B). (C) Asymmetric lozenge of country rock bound by SE-dipping shear 
bands indicating a sinistral sense of shear. 
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Figure 5.20: Photomicrographs of rock sampled from within shear bands. All samples are cut parallel to 
mineral lineation and perpendicular to schistosity, exposing the XZ plane of finite strain. (A) (XPL) and 
(D) (PPL) are from sample JD 27-2 and B (XPL) and C (XPL) from JD 27-1. (A) Internal deformation of 
quartz lithoclasts surrounded by sericite-rich shear bands. (B) Existing schistosity underlined by sericite and 
biotite re-oriented to parallel shear bands. Here apparent kinematics could be misleading when considered in 
isolation as (C) shows schistosity rotated opposite to that shown in B. (D) Dextral kinematics inferred from the 
geometry of local shear band developed in quartz lithoclasts. 
5.2.2.6 A note on the separation of D2 and D3 structures at the Zwartkops outlier
D2 and D3 structures are similar in orientation, and both developed at the biotite grade of greenschist facies. 
However, a discrepancy in the intensity of deformation is noticeable between D2 and D3 structures and 
help to differentiate the two. Slaty cleavages in Transvaal metapelites and open folds with rounded hinge 
zone characterise D3. This contrasts with intense S2 schistosity developed in Witwatersrand and Ventersdorp 
supergroups metapelites. F2 folds are characterised by close to tight interlimb angles, rounded to sharp 
hinge zones and as overturned recumbent folding suggesting intense D2 deformation. B3 parallel crenulation 
lineation (Figs. 5.9F and H) is only weakly developed on existing schistosity in domain 3, while L2A crenulation 
lineation is strongly developed across domains 1 and 2 (Fig. 5.8A). 
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6. Results: geochronology
6.1 40Ar/39Ar geochronology
Eleven samples collected for 40Ar/39Ar step-heating age determination of potassium-bearing minerals include 
ten different rock types (seven for the Mesoarchean basement lithologies, and three for supracrustal rocks) 
with twenty-nine analyses included in total. Samples were selected based on mineralogy and microstructure; 
containing metamorphic and synkinematic white micas and biotite. Syntectonic metamorphic assemblage 
containing biotite, chlorite and white mica define D2 and D3 structures, and so D2 and D3 are interpreted as 
being active at biotite grade of greenschist facies. Synkinematic mineral phases (sampled from S2 and S3 
tectonic fabrics) are chlorite, white mica (in many places sericite from petrographic observation) and biotite. 
We, therefore, use 40Ar/39Ar step-heating method to constrain the timing of mineral growth coeval to low-grade 
metamorphism and deformation recorded in both the Mesoarchean basement and supracrustal sequence at the 
Zwartkops outlier (Fig. 5.8A). Geochronological data were only obtained for Zwartkops outlier samples and 
not for those of the Krugersdorp Game Reserve due to time constraints. Figure 6.1 shows sampled localities, 
rock types (all within domain 2, Fig. 5.8A) are:
1. Mesoarchean basement chlorite schist is carrying S2 schistosity (sample JD 77, Fig. 4.6).
2. Sheared Mesoarchean basement granodiorite (now chlorite schist in shear zones, sample JD 27).
3. Mesoscopically undeformed Mesoarchean basement pegmatite which cross-cuts gneissic granodiorite 
(sample JD 9-1). 
4. Mesoarchean basement lower cataclasite (sample JD 44, Fig. 4.6).
5. Mesoscopically undeformed (sample JD 28, Fig. 4.6) and schistose Mesoarchean basement trondhjemite 
(sample JD 72-2).
6. Schistose upper cataclasite at the contact between Mesoarchean basement and superstructure (sample 
JD 30, Fig. 4.6).
7. Tectonic quartzitic breccia within Witwatersrand Supergroup quartzite (sample JD 37).
8. Coarse-grained schistose Witwatersrand Supergroup quartzite from downward-facing quartzite unit 
(sample JD 62).
9. Coarse-grained schistose Witwatersrand Supergroup quartzite from an upward-facing quartzite unit 
(sample JD 68).
10. Witwatersrand Supergroup pelitic schist (sample JD 75).
All samples that yield plateau ages were duplicated except sample JD 27_15_1 (chlorite schist in Mesoarchean 
basement shear zone, locality JD 27, domain 2, Fig. 5.8A) for which a duplicate is absent. In general, the 
duplicates are all consistent within 2 sigma errors. For all spectra, box heights are two sigmas in Ar-Ar age 
spectrum diagrams. Eight from twenty-nine analyses (i.e. 27% of analysed material) produced disturbed and 
staircase-shaped to hump-shaped age spectra (Appendix 1 to 6 and Tables 15 to 20). The remaining twenty-
one analyses produced plateau to near-plateau age spectra with varying degrees of staircasing (see chapter 1.3 
40Ar-39Ar interpretation) , tables 1 to 12 present summaries of the data. 
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Overall, the 40Ar/39Ar ages are grouped into four broad age populations: 
1. Scattered early- to mid-Paleoproterozoic ages similar to those for the upper part of the Transvaal 
Supergroup ages, one age of ~ 2196 Ma from a Mesoarchean basement rock, one age of ~ 2144 Ma for 
the shear zone in the Mesoarchean basement presented in section 5.2.2.4.2 and Figure 5.19, and two 
ages of 2105-2090 Ma from a quartzite sample. 
2. One age of 2051 Ma from a Mesoarchean basement rock that overlaps well with the emplacement 
age of the BIC, and three ages from two quartzite samples at 2039-2044 Ma, slightly younger to 
overlapping at two sigmas with the emplacement age of the BIC (hereafter referred to as syn-BIC 
ages).
3. Ages overlapping that of the VIS (hereafter referred to as syn-VIS ages) (n = 9, from four samples in 
the Mesoarchean basement) from three rock types/localities in domain 2 (Fig. 5.8A); lower schistose 
cataclasite showing strong S2 schistosity (JD 44), mesoscopically undeformed trondhjemite (JD 28) 
and upper schistose cataclasite showing weak schistosity S2 (JD 30), located at or directly below the 
Mesoarchean basement-supracrustal sequences contact. The VIS age is consistently recorded at these 
three localities/rock-types that show heterogeneous D2 overprint (Fig. 4.6).
4. Ages at ~1960-1935 Ma (n = 2, from one sample, one hand-picked age and one suspension settling 
age). 
Ca/K and Cl/K spectra are included where possible. Where Ca/K or Cl/K were below detection, the spectra 
could not be plotted. The interpretation of these ages as thermal, hydrothermal, cooling and deformation events 
are further discussed in chapter 7. 
Figure 6.1: (A) Geological map of southern Zwartkops on which ages from this study are shown. (B) 
Detailed geological scheme of the NE-dipping slope at the contact zone between Mesoarchean basement and 
superstructure (domain 2, Fig. 5.8A, outlined by the red box in (A)) and ages newly obtained for this area. 
Plateau to near-plateau 40Ar/39Ar step-heating ages represented in grey while U-Pb age is in white. Ages and 
errors (2σ) are given in millions of years (Ma). Note that all ages shown in 6.1B are also plotted in 6.1A. 
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6.1.1 40Ar/39Ar geochronology of the Mesoarchean basement rocks
6.1.1.1 Trondhjemite
Mesoscopically undeformed trondhjemite sampled from locality JD 28 (domain 2, Fig. 5.8A) shows three 
white mica populations based on their size. Magmatic 250-500 µm in size white micas are the dominant 
interstitial mineral phase as well as 100-300 µm secondary sericite replacing plagioclase as aggregates along 
lamellar twinning via saussuritisation (Fig. 6.2, labelled Ser 1, and Ser 2 respectively). These large mica 
grains were separated by hand-picking in samples JD 28_18, JD 28_18_1, JD 28-HP_3 and JD 28-HP_3_1. 
Secondary white micas also occur as a product of alteration of plagioclase where they range in size from 
50-200 µm or occur in inter- and intragranular fractures in quartz and plagioclase (Fig. 6.2, Ser 3). These 
smaller micas separated by suspension settling in sample JD 28-2-S_7 and JD 28-2-S_7_1. Tables 1, 2 and 3 
summarise argon age data for samples JD 28_18, JD 28-HP_3, JD 28-2-S_7 and their associated duplicates. 
Figure 6.2: XPL photomicrograph showing sericite replacing plagioclase along lamellar twinning as well as 
finer inter- and intra-granular sericite aggregates. 
JD 28_18 yielded a near plateau age of 2009.1 ± 12.4 Ma (61% 39Ar released, 8 steps, Fig. 6.3A) that overlaps 
within error with the plateau age of 2016.9 ± 12.2 Ma (91% 39Ar released, 12 steps, Fig. 6.3B) for the duplicate 
sample JD 28_18_1. Lower temperature steps show higher Cl/K ratios for both the original and duplicate 
sample. According to Villa et al. (1997), this indicates the presence of hydrothermally-derived mica population 
mixing with another mica population. This hydrothermal population degassing at lower temperature steps 
could account for younger ages recorded in lower temperature steps of age spectra. This suspected population 
of hydrothermal micas are then younger than existing mica population in the rock. Accordingly, Gibson et al. 
(2000) interpreted younger ages recorded in low-temperature steps in VIS samples as products of weathering 
processes (Gibson et al., 2000). 
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Because this age was unexpected, a second batch of hand-picked white micas was analysed to test the validity 
of these data. Samples JD 28-HP_3 and its duplicate JD 28-HP_3_1 yielded near-plateau age of 2196.2 ± 
11.5 Ma (70% 39Ar released, 9 steps, Fig. 6.4A) and near-plateau age of 2016.2 ± 10.6 Ma (89% 39Ar released, 
12 steps, Fig. 6.4B), respectively. Cl/K spectrum (Fig. 6.4C) for the duplicate show higher Cl/K ratio in 
low-temperature steps with a small plateau at intermediate temperatures. Younger low-temperature steps 
reflected in Ar spectra (sample JD 28-HP_3) could result from argon loss due to weathering of the sample, or 
contributions from smaller secondary mica population. A large deviation from the norm in Cl/K spectra at 
these low-temperature steps favours the inference of mixed populations. This mixed population interpretation 
is supported again by higher Cl/K ratios in low-temperature steps suggesting the presence of hydrothermally 
derived mica mixing with another mica population in the rock (Villa et al., 1997). 
Figure 6.3: (A) and (B) show 40Ar/39Ar release patterns for hand-picked white micas from trondhjemite sample 
JD 28_18 and its duplicate JD 28_18_1 respectively. Cl/K spectra for sample JD 28_18 and the duplicate 
sample are shown in (C) and (D). 
It is unclear why there is is a difference in age of ~ 180 My between sample JD 28-HP_3 and its duplicate JD 
28-HP_3_1. A possibility could be mixing of the three different white mica populations found in this rock 
type. No apparent age steps in any JD 28 analyses agree with ~ 3.2 Ga ages proposed for the crystallisation 
of these Mesoarchean basement trondhjemitic rocks (Poujol and Anhaeusser, 2001). Therefore, the magmatic 
age is no longer recorded in primary white mica due to subsequent resetting. Hand-picked samples (primary 
magmatic micas Ser 1 and those replacing plagioclase via saussuritisation Ser 2) all yielded syn-VIS ages 
or older, while suspension settled (smaller < 100 µm fraction Ser 3) micas interpreted as secondary mica in 
inter- and intragranular fractures produced the youngest ages ~ 1935-1959 Ma. 
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Figure 6.4: (A) and (B) age spectra for sample JD 28-1_HP_3 and duplicate JD 28-1_HP_3_1 (hand-picked 
samples), while (C) shows Cl/K release patterns for the duplicate. 
Suspension settled JD 28-2-S_7 and its duplicate JD 28-2-S_7_1 record near plateau ages of 1935.3 ± 10.8 
Ma (73% 39Ar released, 8 steps, Fig. 6.5A) and 1959.5 ± 10.8 Ma (71% 39Ar released, 11 steps, Fig. 6.5B), 
respectively. Both spectra show minor staircasing and weak sigmoid geometry, which could be indicative of 
Ar loss due to weathering reflected in lower temperature steps. Higher temperature steps recording slightly 
older ages could reflect contributions from primary white mica population (Ser or wm1 in Fig. 6.2) or inherited 
excess argon from this white mica and plagioclase in the trondhjemite. This inheritance reflected in higher 
temperature steps is supported by ‘U-shaped’ Cl/K spectrum for the duplicate (Fig. 6.5C). Elevated Cl/K in 
both low and high-temperature steps suggest mica mixing and inheritance from other mineral phases such 
as plagioclase. High Cl/K ratios recorded in low-temperature steps indicate the presence of a hydrothermally 
derived mica population as a possible mixing phase (Villa et al., 1997). This sample and its duplicate are 
not within the error of each other. These smaller grains interpreted as secondary mica replacing plagioclase 
(Ser3, Fig. 6.2), and the difference in age might be a function of uneven inheritance from the host rock. As 
these secondary micas occur along inter- and intragranular fractures in plagioclase, which are sites sensitive 
to weathering and leaching (if a hydrothermal fluid is introduced), differences in age could reflect differential 
weathering at grain-scale. Besides forming along inter- and intragranular fractures in plagioclase, white mica 
is also seen forming as direct weathering product within plagioclase due to saussuritisation. This would affect 
the true age of the sample, where the near-plateau age is slightly younger than the true age of the sample.  
83
6.1.1.2 Lower schistose cataclasite
Lower schistose cataclasite composed of chlorite schist and trondhjemite lithoclasts (locality JD 44, domain 
2, Fig. 5.8A) hosts S2 schistosity defined by white mica, chlorite and biotite. Two populations of white mica 
are distinguished based on size and microstructural position. Larger (0.5-1 mm) biotite defines weak S2 
schistosity in the rock (Figs. 6.6A and B), while a smaller population of white mica/ sericite (100-200 µm) is 
randomly oriented and seen replacing calcite as a secondary phase. Larger sized white micas in samples JD 
44_13 (and its duplicate JD 44_13_1) and JD 44-2-HP_5_1 were separated by hand picking while suspension 
settling was used to separate the smaller white mica fraction from sample JD 44-2(2)-S_9_1. Both syn-VIS 
and syn-BIC ages are obtained from hand-picked micas, while the suspension settled sample are syn-BIC in 
age. Tables 4, 5 and 6 summarise argon age data for samples JD 44_13, JD 44-2-HP_5_1, JD 44-2(2)-S_9_1 
and their associated duplicates. 
Hand-picked samples JD 28_18 and JD 28-HP_3 (and associated duplicate analyses, JD 28_18_1 and JD 
28-HP_3_1) produced syn-VIS ages and ages overlapping the deposition age of the upper units Transvaal 
Supergroup respectively, whereas suspension settled sample JD 28-2-S_7 (and it’s duplicate analysis, JD 28-
2-S_7) produced younger ages post-dating the formation of the VIS. 
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Figure 6.6: Photomicrographs of lower schistose cataclasite. (A) PPL photomicrograph is showing larger 
(biotite here) and smaller, secondary mica phases (sericite after calcite) present. (B) Here biotite shows shape 
preferred orientation defining S2. Surrounding chlorite also present in the sample (PPL). The post-D2 calcite 
vein in both photomicrographs is folded. S2 does not appear axial planar to this fold.
JD 44_13 shows a near plateau with staircasing with an age of 2025.1 ± 11.6 Ma (58% 39Ar released, 5 steps, 
Fig. 6.7A), while its duplicate JD 44_13_2 is stair-cased with a calculated age for the 6 overlapping steps of 
2051.4 ± 11.9 Ma (30% 39Ar released, Fig 6.7B). Staircasing amongst lower temperature steps is interpreted 
to reflect argon loss due to weathering of the sample. This argon loss interpretation is supported by the 
negative slope from low to intermediate temperature steps in Ca/K (Figs. 6.7C and D). High Cl/K ratios in 
low-temperature steps in Cl/K spectra for both original and duplicate sample (Figs. 6.7E and F) indicate the 
presence of hydrothermal white mica, which degasses at lower temperatures to other mica populations in the 
rock. Age variations across samples and staircase (original sample) and hump-shaped morphologies (duplicate 
sample) of age spectra could then be due to both weathering and mica mixing respectively.  Irregularities 
in higher temperature steps of the age spectrum could also be an effect of excess argon contribution from 
sericitised and altered plagioclase in the sample (Gibson et al., 2000). 
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Figure 6.7: 40Ar/39Ar release patterns for sample JD 44_13 (A) and duplicate JD 44_13_2 (B) (hand-picked 
samples). Ca/K and Cl/K spectra for these analyses are shown in (C and D) and (E and F) respectively. 
Again, because this age population at 2025-2050 Ma was unexpected, this analysis was repeated with newly 
separated material a few months later. A near plateau (hump-shaped spectrum) age of 2013.8 ± 10.9 Ma (70% 
39Ar released, 6 steps) was obtained from sample JD 44-2-1-HP_5_1 (Fig. 6.8A), confirming the earlier result 
obtained for sample JD 44_13_2. A near plateau (hump-shaped spectrum) age of 2051.7 ± 10.6 Ma (65% 39Ar 
released, 8 steps) was obtained from the suspension-settled sample JD 44-2(2)-S_9_1 (Fig. 6.9A). This age 
agrees with that of the hand-picked sample JD 44_13_2 (duplicate). 
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According to Villa et al. (2014), hump-shaped spectra are indicative of mixed mica populations. Indeed, the 
highest temperature step for sample JD 44-2-1-HP_5_1 records an age of 2096.8 Ma (Table 5) similar to 
the 2091.0 ± 12.0 Ma age of sample JD 37_58_1 (see below, section 6.1.2.2). Many of the steps in JD 44-2-
1-HP_5_1 record age in the ± 1935-1960 Ma age range reflecting those of JD 28-2-S_7 and its duplicate JD 
28-2-S_7_1. Roughly ‘U-shaped’ Ca/K and Cl/K spectra for sample JD 44-2-1-HP_5_1 (Figs. 6.8B and C) 
and 44-2(2)-S_9_1 (Figs. 6.9B and C) show that Ar loss due to weathering (negative slope at low-intermediate 
temperatures) can account for younger ages at low-temperature steps. Increases in Cl/K and Ca/K toward 
higher temperature steps indicate input from a secondary source. This pattern could reflect mica mixing, an 
earlier phase of deformation displaying partial argon resetting (providing a possible explanation for why some 
analyses reflect syn-BIC and others syn-VIS ages regardless of separation method) or simply contributions 
from surrounding plagioclase and calcite in host rock (Gibson et al., 2000).  
Figure 6.8: (A) 40Ar/39Ar release pattern, (B) Ca/K spectra and (C) Cl/K spectra for sample JD 44-2-1-HP_5_1. 
Mica separated by hand-picking.
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Figure 6.9: (A), (B) and (C) show 40Ar/39Ar, Ca/K and Cl/K spectra respectively for sample JD 44-2(2)-S_9_1. 
Suspension settled sample. 
6.1.1.3 Upper schistose cataclasite
Schistose cataclasite representing the contact between the Mesoarchean basement and the supracrustal 
sequences at domain 2 (locality JD 30, Fig. 5.8A) contains < 100 µm-sized white mica defining weak S2 
schistosity which wraps around quartz, sericitised plagioclase (Fig. 6.10A) and calcite lithoclasts in the rock. 
Due to the < 100 µm size of mica grains (Figs. 6.10A and B), all samples were separated using suspension 
settling. Argon age data for samples JD 30-1_17, JD 30-1-1-S_6 and duplicates are summarised in tables 7 
and 8. 
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Figure 6.10: (A) XPL photomicrograph of sericite defining S2 in upper schistose cataclasite. (B) BSE image of 
fine-grained (< 50 µm-sized) chlorite and sericite forming the matrix around quartz lithoclasts. These mineral 
phases are preferentially oriented within S2 schistosity. 
All samples analysed, JD 30-1_17 (its duplicate JD 30-1_17_1) and JD 30-1-1-S_6 (duplicate JD 30-1-1-6_1) 
produced similar ages clustering at 2024 Ma. JD 30-1_17 and its duplicate JD 30-1_17_1 yielded plateau 
ages of 2021.0 ± 12.0 Ma (76% 39Ar released, 7 steps, Fig. 6.11A) and 2026.6 ± 12.1 Ma (87% 39Ar released, 
9 steps, Fig. 6.11B) respectively. Cl/K spectra for the sample and its duplicate remain fairly constant (Figs. 
6.11C and D) with slightly higher Cl/K ratios recorded in lower temperature steps, indicating the presence of 
hydrothermal white mica as a mixing phase. Ca/K spectrum for the duplicate show more erratic geometries 
(Fig. 6.11E). The Ca/K release pattern shows depletion at intermediate temperatures and slight enrichment at 
low and high-temperature steps. This pattern could suggest weathering and leaching (if hydrothermal fluids 
are present) at low-temperature steps (components other than Ca preferentially removed, thus enriching 
Ca at low-temperature steps). Ca/K ratio levels out at intermediate temperatures, reflecting unweathered 
material. This initial Ca enrichment followed by subsequent depletion is shown as a negative slope on the 
spectrum. Elevated contributions of Ca in high-temperature steps could be an inheritance of excess Ca from 
surrounding calcite and altered plagioclase in the rock. As these ages are syn-VIS and are unexpected for the 
rocks of Zwartkops (located ± 120 km NE of the VIS) the rock was re-analysed using new material to rule 
out any possible abnormality resulting from instrumentation or contamination in the lab. Sample JD 30-1-1-
S_6 and its duplicate JD 30-2(1)-S_6_1 produced plateau ages of and 2024.3 ± 11.9 Ma (73% 39Ar released, 7 
steps, Fig. 6.12A) and 2026.2 ± 10.7 Ma (68% 39Ar released, 7 steps plateau with minor staircasing, Fig. 6.12B) 
respectively, confirming the results of JD 30-1_17 and JD 30-1_17_1. Minor staircasing is interpreted as a 
weathering effect shown by the negative slope of the duplicate sample’s Ca/K spectrum (Fig. 6.12C). Cl/K 
spectrum for both the duplicate sample is relatively even from low to high-temperature steps (Fig. 6.12D). 
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Figure 6.11: Age spectra for sample JD 30-1_17 (A) and duplicate JD 30-1_17_1 (B). (C) and (D) show Cl/K 
release patterns for the original sample and duplicate respectively, while the Ca/K release pattern for the 
duplicate is shown in (E). Suspension settled sample. 
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Figure 6.12: Release spectra for sample JD 30-1-1-S_6 and duplicate JD 30-1-1-S_6_1 where (A) and (B) 
show age spectra, (C) shows Ca/K spectrum for duplicate sample and (D) and shows the Cl/K release pattern 
for the duplicate sample. Mica separated by suspension settling. 
6.1.1.4 Mesoarchean basement shear zone
Chlorite schist forming the decametre-scale shear zone developed in gneissic granodiorite in domain 2 
(locality JD 27, Fig. 5.8A) was selected for 40Ar/39Ar geochronology due to the abundant sericite and biotite 
in this rock. Preferentially aligned sericite and biotite define shear bands, internal schistosity and associated 
mineral lineation (Fig. 6.13). This synkinematic biotite, sized 0.5-2 mm, was hand-picked for analysis. Table 
9 provides a summary of argon data for the analysed chlorite schist sample. 
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Figure 6.13: XPL photomicrograph of chlorite schist within Mesoarchean basement shear zone. Here sericite 
and biotite comprise the main mineral phases defining shear bands and internal schistosity. 
This biotite sample (JD 27_15_1) yielded a plateau age of 2143.8 ± 13.5 Ma (88% 39Ar released, 6 steps, Fig. 
6.14A), but this age was not reproduced in additional analyses (samples JD 27-1(1)-HP_4 and JD 27-2-2-
S_8) yielded completely disturbed age spectra (Appendix 4 and 5). This discrepancy could result from the 
accidental separation of white mica or phengitic phase instead of biotite in subsequent analyses. Younger 
ages at low-temperature steps could indicate argon loss due to weathering. Negative trends in the Ca/K 
spectrum (Fig. 6.14B) at low to intermediate temperature steps (indicated by the negative slopes in these 
spectra) support this interpretation. 
Figure 6.14: Release patterns for sample JD 27_15_1 (hand-picked sample); (A) 40Ar/39Ar age spectrum and 
(B) Ca/K spectrum.
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6.1.2 40Ar/39Ar geochronology of the supracrustal sequence
6.1.2.1 Witwatersrand Supergroup quartzite
Two Witwatersrand quartzite samples were collected from localities JD 62, downward-facing quartzite unit 
(domain 2, Fig. 5.8A), and JD 68 (domain 2, Fig. 5.8A) which is from an upward-facing cliff. This quartzite 
contains detrital quartz grains surrounded by 10-15% of an intergranular matrix composed of white mica 
and fine-grained quartz. Randomly oriented fine-grained (20-100 µm in size) intergranular white mica 
represents primary detrital mica while preferentially aligned sericite (± 500 µm in size) defines S2 schistosity 
(Figs. 6.15A and B). The larger sericite population was hand-picked for all samples. Two age populations are 
acquired; JD 62 samples yielded ages that are younger but slightly within the error of the BIC age while JD 
68 samples record slightly older ages.  Summaries of argon age data for JD 62, JD 68 and duplicates in tables 
10 and 11 respectively. 
Figure 6.15: XPL photomicrographs of (A) JD 62 and (B) JD 68 quartzite. Preferentially aligned sericite 
defines S2 which wraps around quartz grains. The long axis of quartz grains in both samples are oriented 
parallel to S2. 
Cl/K spectra for JD 62-2_54_1 (duplicate sample) shows higher Cl/K ratios in lower temperature steps 
which decrease with increased temperature. This decrease indicates the presence of some alternative white 
mica population as a mixing phase in these rocks (Villa et al., 1997) accounting for younger ages at lower 
temperature steps. The same holds for JD 68 samples, but the effect of mixed mica populations is not as 
obvious here (Figs. 6.16A, B, C, D and 17A, B, C and D). Older ages recorded in high-temperature steps 
of both JD 62 and JD 68 samples could reflect contributions from minor detrital components due to the 
sedimentary nature of protoliths (Gibson et al., 2000), although this is not obvious from Cl/K spectra, which 
show near-homogenous population. Sample JD 62-2_54_1 produced plateau ages of 2039.1 ± 11.4 Ma (94% 
39Ar released, 9 steps) and a similar age of 2044.2 ± 11.6 Ma from its duplicate JD 62-2-54_2 (61% 39Ar 
released, 6 steps). Sample JD 68_55_1 and duplicate sample JD 68_55_2 give older ages of 2066.7 ± 12.5 Ma 
(plateau age, 60% 39Ar released, 8 steps) and 2071.7 ± 12.4 Ma (near plateau age, 56% 39Ar released, 9 steps). 
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Figure 6.16: Age and Cl/K release patterns, (A) and (B) show spectra for sample JD 62-2_54_1, while (C) and 
(D) show those for the duplicate sample JD 62-2_54_2. White mica separated by hand-picking.
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Figure 6.17: Age and Cl/K release patterns, (A) and (B) for sample JD 68_55_2_1, while (C) and (D) show 
those for the duplicate sample JD 68_55_2_2 (both hand-picked samples). 
6.1.2.2 Quartzitic breccia
A quartzitic tectonic breccia developed in Witwatersrand Supergroup quartzite (locality JD 37, domain 2, 
Fig. 5.8A) contains small white micas, 100-200 µm in size that is randomly oriented in a fine white mica-
quartz inter-clast matrix (Fig. 6.18A). Because of the small size of the datable material, the white micas 
were separated by suspension settling. A sample from the breccia JD 37_58_1, and its duplicate JD 37_58_2 
produced similar ages overlapping ages recorded for the deposition of Transvaal Supergroup rocks. Both 
37_58_1 and its duplicate JD 37_58_2 yielded plateau ages with minor staircasing with ages of 2091.0 ± 
12.0 Ma (79% 39Ar released, 9 steps) and 2105.2 ± 11.7 Ma (79% 39Ar released, 7 steps) respectively. Table 12 
summarises argon age data for JD 37_58_1 and duplicate. Staircasing amongst lower temperature steps in 
the two analyses could reflect argon loss through weathering (Figs. 6.18B, C). The spectra both show slight 
hump-shaped morphologies suggesting mixed mica populations.
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Figure 6.18: (A) XPL photomicrograph of quartzitic breccia where the sericite sampled for geochronological 
assessment occurs as the interstitial phase between quartz grains and lithoclasts (separated by suspension 
settling). (B) and (C) show age spectra for sample JD 37_58_1 and its duplicate JD 37_58_2 respectively.  
6.2 U-Pb geochronology
The schistose cataclasite unit is interpreted as derived from underlying Mesoarchean trondhjemite (see 
chapter 4) and carries S2 schistosity (formed before the deposition of the Transvaal Supergroup as determined 
from field relations - see chapter 5). This rock yielded 40Ar/39Ar ages on handpicked and suspension settling 
micas that are syn-VIS in age. As this age is unexpected, U-Pb geochronology of zircons in this rock are 
used here to determine the age of lithoclasts further and confirm derivation of the upper schistose cataclasite 
from the Mesoarchean basement. An auxiliary objective for utilising this methodology is to examine the 
morphology of zircons using CL imagery. As the age of D2 absent in synkinematic mica in D2 structures, it 
is thought that the age of this deformation may be recorded in the metamorphic rims of zircons. 
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Zircon morphologies observed using CL imaging range from euhedral ‘doubly terminated prismatic crystals’ 
(Corfu et al., 2003) to anhedral crystal fragments (Figs. 6.19A and B). Many whole crystals exhibit xenocrystic 
cores and well-developed oscillatory zoning (Figs. 6.19A and C). Few show evidence for metamorphic 
rimming (Fig. 6.19C) as bright white internally homogenous overgrowths that cross-cut pre-existing internal 
oscillatory zoning (Corfu et al., 2003). These rims are typically 5-15 µm in size. The zircons show varying 
amounts of fracturing (Figs. 6.19A and D). Of the two hundred zircons, 43% exhibited fracturing that crossed 
> 50% of the crystal (or crystal fragment). The remaining 57% showed the inverse, with an approximate 30% 
of these being almost entirely devoid of fractures.  
Figure 6.19: Representative CL images of zircon morphologies. A) ‘Doubly terminated prismatic crystal’ 
with xenocrystic core and oscillatory zoning. B) Anhedral zircon fragment. C) Metamorphic overgrowth on 
euhedral oscillatory zoned zircon. D) Highly fractured zircon fragment. 
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Seventy-nine from two hundred zircons were selectively analysed using LA-MC-ICPMS at SPECTRUM (UJ). 
The rest were not analysed either because they display intracrystalline disturbances due to microfracture, or 
due to analytical time constraints. Analytical methods, primary (OGC1 and A382) and secondary (CDQGNG) 
zircon standard reference materials are presented in section 3.5.2.3). Ablation crater locations were selected 
to avoid microfractures and analyse pristine zircon. Due to the thin nature (5-15 µm-sized metamorphic rim 
compared to 30 µm ablation spot) and low abundance of metamorphic rims, these were not analysed. Due to 
the average size of zircons (20-100 µm) relative to the 30 µm ablation crater created during analysis and the 
fractured appearance of many zircons, only one ablation spot per grain was selected. Appendix 7 presents 
CL images of each zircon analysed. The ages acquired are all discordant. 
When incorporating all 79 analyses to obtain an age using the Concordia method (anchored at zero, with some 
analyses corrected for the common lead, a discordant (upper intercept) age of 3225.4 ± 6.1 Ma (MSWD = 13) 
is obtained (Fig. 6.20A). High percentages of discordance were noted for the majority of zircons analysed 
(> 10% discordance for 85% zircons analysed) with a trend showing a recent lead loss. The distance of the 
Discordia line from the Concordia curve further indicates the old age of the sample. 15% of zircons analysed 
show < 10% discordance (Fig. 6.20B) and produce a more reliable near-concordant age of 3225.6 ± 7.9 Ma 
(MSWD = 3.4). While this is a more reliable age (with analyses showing a minimal lead loss as indicated by 
a low percentage of discordance) the MSWD is still appreciably greater than 1. The MSWD (the mean square 
of weighted deviation) is the ratio of observed scatter of data from a line of best fit, to the expected scatter 
from this line (scatter only caused by assigned errors (Ludwig, 2012)). If the observed scatter and expected 
scatter are similar, then the MSWD value will be close to 1. If the MSWD is higher than 1 (as is the case 
here), then it indicates that the scatter was caused by something other (geological) than the analytical errors. 
An alternative is that high MSWD could show ‘underestimated’ analytical errors (Ludwig, 2012; Wendt and 
Carl, 1991). However, 7.5% of zircons analysed showed < 5% discordance (Fig. 6.20C) and yielded a similar 
age of 3226.6 + 9.3/-9.1 Ma (MSWD = 1.6). While this result is favourable due to an MSWD closer to 1, the 
small population size means that this age is a poor representation of the data set. Therefore, the age of 3225.6 
± 7.9 Ma (MSWD = 3.4) is used for this work. Consistently, the age obtained is indicative of the crystallisation 
age of the igneous rock from which the schistose cataclasite is derived, confirming Mesoarchean basement 
protolith for this rock. Tables 13 and 14 provide summaries of U-Pb (LA-MC-ICP-MS) data for zircons with 
< 10% discordance and < 5% discordance respectively. 
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Figure 6.20: Concordia diagrams showing upper intercept ages for upper schistose cataclasite, data point 
error ellipses (red) are 68.3% (1 σ) confidence. (A) All 79 zircons analysed are used to construct the Concordia 
diagram, strong discordance is noted amongst the majority of zircons analysed. To refine this (B) shows upper 
intercept age of 3225.6 ± 7.9 Ma, MSWD = 3.4 (n = 12 zircons) of analyses within 10% discordance. Samples 
showing ≤ 5% discordance (n = 6) plotted on (C). Well-clustered, near concordant age of 3226.6 + 9.3 / - 9.1 
Ma, MSWD = 1.6 represent the most reliable age. 
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7. Discussion
This section is separated into a discussion of the geochronology results, and D1, D2 and D3 deformation 
events at the Krugersdorp Game Reserve and the Zwartkops outlier. This is followed by a comparison of 
the structural characteristics of the Johannesburg Dome to those of known structural domes. Lastly, the 
Johannesburg Dome as a paleotopographic high is discussed in context with regional polyphase deformation 
identified in this study.
7.1 Geochronology
7.1.1 U-Pb geochronology
According to Anhaeusser (1973) and Poujol and Anhaeusser (2001), Mesoarchean granitoids of the 
Johannesburg Dome core intruded as multiple pulses of magma over at least ~ 250 My. A phase of leucocratic 
magmatism in the Johannesburg Domes core has an age of 3201 ± 5 Ma (U-Pb zircon age, Poujol and 
Anhaeusser, 2001). The magmatic U-Pb zircon age of 3225.6 ± 7.9 Ma (MSWD = 3.4) from upper schistose 
cataclasite, interpreted as the crystallisation age of its trondhjemite protolith, the present study, agrees well 
with the 3201 ± 5 Ma age of Poujol and Anhaeusser (2001). 
7.1.2 40Ar/39Ar geochronology
Four broad age populations are identified from the 40Ar/39Ar plateau and near plateau ages, ages are shown 
in Figure 7.1: 
1) Paleoproterozoic ages overlapping the age of deposition of the Transvaal Supergroup
2) Ages overlapping well with the BIC  
3) A population of analyses similar to the VIS in age as the modal population
4) Ages post-dating the VIS
Table 7.1: Summary of 40Ar/39Ar ages which yield near-plateau or plateau ages.
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Figure 7.1: Probability density diagram constructed using Ludwig (2008) showing the distribution of 40Ar/39Ar 
ages. All ages are reported in millions of years (Ma). 
7.1.2.1. Paleoproterozoic ages overlapping the deposition age of the Transvaal Supergroup
Four ages overlapping the age of deposition of the Transvaal Supergroup are obtained from 40Ar/39Ar step 
heating of syn-kinematic K-bearing mineral phases from the central Kaapvaal Craton (Friese et al., 2003 and 
Alexandre et al., 2006). Friese et al. (2003) obtained ages of 2076 ± 5 Ma and 2088 ± 7 Ma from tectonites 
developed in middle Ventersdorp Supergroup rocks. These authors attributed this age population to pre-BIC 
thermal overprinting (at temperatures > 350°C) associated with the Ubendian orogeny at ~ 2100-2070 Ga 
located along the NW margin of the Zimbabwe Craton (to the north of the Kaapvaal Craton). 
Alexandre et al. (2006) recorded slightly older ages of ~ 2150 Ma from north-verging ductile structures 
(pervasive regional cleavage, folds and shear zones developed at greenschist facies) in Transvaal Supergroup 
metapelites to the west of the Johannesburg Dome. According to McCarthy et al. (1986), Courtnage (1995) and 
Gibson et al. (1999) the VIS formed the north verging structures in Transvaal Supergroup rocks surrounding 
the Johannesburg Dome. Alexandre et al. (2006) suggested that pre-BIC low-grade tectonothermal event, their 
early Transvaalide deformation formed the cleavage. Reimold et al. (2007) in their comment to Alexandre 
et al. (2006) pointed out the use of poorly calibrated K-decay constants in Alexandre et al. (2006) (which 
rendered his data, especially ~ 2040 Ma ages, to be discussed below, less reliable). Reimold et al. (2007) also 
highlighted the limitations of using ages from hump-shaped argon age spectra as geologically meaningful as 
is the case for the Alexandre et al. (2006) ~ 2150 Ma age. 
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Figure 7.2: Map of South Africa and neighbouring countries where present-day outcrops of the Transvaal and 
Kanye basins (a Transvaal Basin equivalent) are indicated. The study area of Creus et al. (2017) is indicated 
by the black box and the Mohlapitsi fold and thrust belt of Basson and Koegelenberg (2017) by the red box. 
Map adapted from Creus et al. (2017). 
Considering Transvaal Supergroup stratigraphy, Eriksson et al. (1994) noted that sedimentation of the 
Pretoria Group (Fig. 2.2) ceased at ~ 2150 Ma. Similarly, Cheney et al. (1989) reported a regional erosive 
unconformity at 2090 Ma (their T3) in Transvaal Supergroup rocks. This hiatus in sedimentation and record 
of erosion at this time support the likelihood of a tectonic event which possibly resulted in some form of 
crustal uplift, initiating erosion, now recorded as the T3 unconformity. Creus et al. (2017) described a period 
of N-S shortening in Transvaal Supergroup rocks in Botswana poorly constrained to between 2431 ± 31 and 
2054 ± 9 Ma. The timing of this N-S shortening overlapping the age of deposition of the Transvaal Supergroup 
is supported by Basson and Koegelenberg (2017) in their structural analysis of the Mohlapitsi fold and thrust 
belt to the north of the Johannesburg Dome (Fig. 7.2). Based on the above-mentioned authors’ findings, it is 
very possible that at least one period of deformation (most likely caused by N-S crustal shortening) affected 
rocks of the Transvaal Supergroup during their deposition in concordance with ~ 2150-2070 Ma 40Ar/39Ar 
ages (Alexandre et al., 2006; Friese et al., 2003). Courtnage (1995) also suggested multiple deformation 
events overlapping the age of deposition of the Transvaal Supergroup, but there are no direct age constraints 
on such events to compare these results. 
From the present study, the age population overlapping the age of deposition of the Transvaal Supergroup 
is composed of four ages that range from 2196 ± 11 Ma to 2091 ± 12 Ma (Table 7.1 and Fig. 7.1). This broad 
group is further divided into an older group including 2143 ± 13 Ma from Mesoarchean basement shear 
zone and 2196 ± 11 Ma from Mesoarchean basement trondhjemite (see Table 7.1 for sample information 
and separation methods utilised). S2 schistosity, re-oriented into parallelism with D3 shear bands in the 
Mesoarchean basement at the Zwartkops outlier, which yielded an age of 2143 ± 13 Ma records the timing of 
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D3 shearing. 2196 ± 11 Ma age in trondhjemite does not appear structurally- or microstructurally-controlled, 
but could represent thermal resetting of magmatic micas, as hand-picked idiomorphic micas yielded this age. 
Considering the 2143 ± 13 Ma age of shearing, this age is similar to the ~ 2150 Ma age recorded in Transvaal 
Supergroup metapelites of Alexandre et al. (2006). Despite 2196 ± 11 Ma age spectrum showing near plateau 
morphology, it is uncertain what this age represents. It is likely that a crystallisation age of ~ 3200 Ma for 
Mesoarchean basement trondhjemite at the Zwartkops outlier (present study) mixed with ages from later 
deformation produced a near-plateau age. Unfortunately, this sample did not produce Ca/K and Cl/K spectra 
and so this is difficult to confirm. The younger group of this age population (present study) includes 2091 
± 12 Ma and 2105 ± 11 Ma from quartzitic tectonic breccia. As the micas sampled were randomly oriented 
in the breccia matrix, this age represents some static thermal (metamorphic) event which reset argon in the 
micas. Interestingly, the 2091 ± 12 Ma and 2105 ± 11 Ma (considering the error) ages overlap exactly with the 
Cheney et al. (1989)’s T3 2090 Ma regional unconformity recorded in the Transvaal Supergroup. 
7.1.2.2 Ages overlapping that of the BIC
The BIC located ~ 30 km to the north of the Johannesburg Dome is interpreted as the source of regional 
greenschist facies metamorphism in the surrounding region (Frimmel, 1994). This metamorphism may 
be directly observed in the BRF shale at the Zwartkops outlier in the form of pre- to syn-S3 andalusite 
porphyroblasts (this study) as previously described by Courtnage (1995) and Gibson et al. (1999). Exactly 
when the BIC intruded is long debated, but recent robust geochronological studies provide much-needed 
insight. Magmatic zircon U-Pb geochronology of the Rustenburg Layered Suite of the BIC by Zeh et al. 
(2015) suggested ~ 2055 Ma timing for its formation. From SHRIMP U-Pb titanite age determination of 
Bushveld-aged mafic sills in the Thabazimbi region, Rajesh et al. (2013) recognised three magma pulses at ~ 
2061-2060 Ma, ~2059-2054 Ma and ~2046-2042 Ma as forming the BIC. Graham et al. (2005) believed that 
the BIC intrusion had a greater spatial extent than previously thought as 2052 ± 14 Ma (SHRIMP U-Pb zircon 
crystallisation age) Schurwedraii alkali granite (considered by these authors a satellite intrusion of the BIC) 
inside the VIS, some 150 km to the south of the BIC. Supporting the widespread regional influence of the BIC, 
Rasmussen et al. (2007) described BIC-related hydrothermal fluid flow through Witwatersrand Supergroup 
rocks as a mode of remobilising gold. This BIC influence is evidenced by their dating of monazite-gold 
intergrowth at ~ 2045 Ma in West Rand Goldfields (SHRIMP U-Pb monazite and xenotime ages). 
Alexandre et al. (2006) interpreted their ~ 2040 Ma 40Ar/39Ar ages from Transvaal Supergroup metapelites 
as being geologically distinguishable from BIC ages representing top-to-the-north thrusting during the 
formation of the Transvaalide fold and thrust belt of Andreoli (1988). As discussed above, Reimold et al. 
(2007) challenged this interpretation based on the miscalibration of analytical equipment by Alexandre et 
al. (2006). Reimold et al. (2007) stated that ~ 2040 Ma ages are indistinguishable from the age of the BIC 
and that proximity of sampling sites of Alexandre et al. (2006) to the BIC make it more likely the BIC 
metamorphism reset the synkinematic micas in Transvaal Supergroup metapelites.
Six analyses from the present study at the Zwartkops outlier produced a cluster of ages either directly 
overlapping or (close to) within the error of the formation of the Rustenburg Layered Suite of the BIC (Fig. 
7.1). This age is somewhat expected due to the proximity of the Zwartkops outlier to the BIC. Ages of 
this study are all obtained from D2 schistosity in Witwatersrand Supergroup quartzite and Mesoarchean 
basement lower schistose cataclasite. One sample JD 68_55_2 yielded an age of 2071 ± 12 Ma. This age 
is still included in the syn-BIC population, despite plotting separately from the other five analyses in the 
probability density diagram (Fig. 7.1) and is not within the error of the BIC. The reason for this is that slightly 
higher ages at high-temperature steps of its age spectra suggested that there might be some inheritance from 
103
older detrital micas, which may result in an older apparent plateau age for the sample. Higher Cl/K ratios at 
low temperatures in sample JD 44-13_2 Cl/K spectrum (Fig. 6.7F) indicate the presence of hydrothermal 
micas in the sample (as described for micas in the study of Villa et al., 1997). As D2 pre-dates deposition of 
the Transvaal Supergroup (as determined from field relations), the ages that overlap well with that of the BIC 
represent a cooling age of the BIC which thermally or hydrothermally reset mica in D2 structures.
7.1.2.3 Ages overlapping that of the VIS
The VIS located ~ 120 km to the SW of the Johannesburg Dome affected rocks of the Mesoarchean basement, 
Dominion Group, Witwatersrand, Ventersdorp and Transvaal supergroups of the central Kaapvaal Craton 
(Reimold and Gibson, 1996). At ~ 2023 Ma (U-Pb zircon age, Kamo et al., 1996) these rocks experienced 
high-strain rate deformation in a single event that lasted seconds (Kenkmann, 2002). Formation of structures 
(gently S-dipping cleavage) in Transvaal Supergroup rocks to the north of the Zwartkops outlier is attributed 
to outward-directed thrusting (top-to-the-north kinematics) during VIS compression and excavation phases 
(McCarthy et al., 1980; Gibson et al., 1999, Courtnage, 1995). However, these authors questioned if ductile 
structures could form from such high strain-rate deformation and if so, would ductile structures develop in 
rocks located ~ 120 km away from the impact site?
Regarding the question of impact-related ductile deformation, Kenkmann (2002) described mesoscale, 
noncylindrical and asymmetric folding of dolomitic rocks around the Crooked Creek impact structure, 
Missouri, United States of America. Although this fold appears similar to folds formed during ductile 
deformation, closer inspection showed that millimetre- to centimetre-scale faults and shear planes which 
gradually offset adjacent layering (Kenkmann, 2002) accommodated folding. The product is a ‘folded’ 
structure formed purely by brittle deformation. This brittle deformation is not compatible with axial plane 
cleavage to north verging ductile folds of Gibson et al. (1999) in Transvaal Supergroup rocks. Friese et al. 
(2003) recorded ages similar to that of the VIS, including 40Ar/39Ar near plateau 2019 ± 8 Ma and saddle 
2020 ± 20 Ma ages from tectonites in Ventersdorp Supergroup rocks (Witwatersrand goldfields) south of the 
Johannesburg Dome and north of the VIS. 
In the present study nine from twenty-one (43%) of 40Ar/39Ar ages obtained from three localities; Mesoarchean 
basement lower schistose cataclasite (JD 44 samples), trondhjemite (JD 28 samples) and upper schistose 
cataclasite (JD 30 samples) record ages similar to that of the VIS. Both hand-picked and suspension-settled 
white micas record these ages (Table 7.1). This age is the least expected, but most often occurring age 
obtained from the Zwartkops outlier (Fig. 7.1). White micas yielding this age were consistently sampled from 
S2 schistosity within Mesoarchean basement lower and upper schistose cataclasite, although micas sampled 
from trondhjemite were randomly oriented. This implies that ages do not represent the age of D2 deformation 
but rather represent a later resetting event. 
Microstructural evidence for hydrothermal modification of Zwartkops outlier rocks carrying S2 may provide 
some insight into these unexpected VIS ages. Microphotographs and BSE images of upper schistose 
cataclasite (Figs. 5.12D and E) show calcite-filled tension gashes cutting through lithoclasts. No cross-cutting 
relations exist with the S2 planes because tension gashes terminate against S2 planes in the matrix of the 
clasts. However, this is not problematic for a possible post-D2 origin of these features if they were formed 
in mode-I opening (as expected for tension gashes) because such structures cannot propagate across a free 
surface (satisfied by S2 planes here). The tension gashes are interpreted as forming after the upper schistose 
cataclasite lithified as the rock would need to be solid to propagate stress efficiently to reach brittle failure. 
Tension gashes in upper schistose cataclasite lithoclasts are systematically steep and broadly E-W-striking 
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– this orientation is compatible with N-S extension at Zwartkops during the collapse phase of the VIS. 
Therefore, these possible post-S2 tension gashes may record hydrothermal fluid flow associated with the VIS 
that completely reset argon in syn-D2 micas.
7.1.2.4 Post-VIS ages
The most intense deformation in the Mohlapitsi fold and thrust belt near the Thabazimbi-Murchison 
Lineament ~ 150 km to the north of the Johannesburg Dome is estimated to have occurred between 2054 and 
1930 Ma (Basson and Koegelenberg, 2017, Fig. 7.2). Considering regional geology, Cornell et al. (2016) used 
precise zircon Th-U-Pb geochronology to establish an age of 1915.6 ± 1.4 Ma for the extrusion of the Hartley 
volcanic rocks of the Olifantshoek Group along the southwestern margin of the Kaapvaal Craton. 
Two suspension settled Mesoarchean basement trondhjemite samples from the present study, yielded post-
VIS ages of 1959 ± 11 Ma and 1935 ± 11 Ma. These ages form a minor age population at Zwartkops and 
are fairly unusual as they are not within the error of each other (Fig. 7.1). Slight sigmoidal geometries of 
age spectra and ‘U-shaped’ Ca/K and Cl/K spectra (Figs. 6.5C, D, E and F) suggest mixing of two mica 
populations as well as hydrothermal input (based on Cl/K spectra morphologies, Villa et al., 1997) to produce 
near-plateau ages. As some high-temperature steps in both age spectra (Table 3 in Appendices) record ages 
overlapping with the VIS, these record a mixing of mica that is syn-VIS in age, with those recording ≤ 1930 
Ma age. This 1930 Ma age could represent tectonothermal events such as either the Mohlapitsi fold and thrust 
belt to the north of the Johannesburg Dome (Fig. 7.2), or the extrusion of the Hartley volcanic rocks in a rift-
related setting to the west (Cornell et al., 2016). Given the closer proximity of the Mohlapitsi fold and thrust 
belt (Fig. 7.2) to rocks of the Zwartkops outlier, this study favours this interpretation. 
7.2 Structural geology
7.2.1 Mesoarchean basement-supracrustal sequences contact
S2 schistosity is developed consistently across the nonconformity both south and north of the Blaauwbank 
Spruit (domain 2, Fig. 5.8A) to a maximum effective thickness of ~ 50 m below the contact. In the south, 
S2 is developed at a varying intensity where Mesoarchean basement rocks are in contact with those of 
the superstructure. As seen in Figure 4.6, rocks exposed at the nonconformity in domain 2 show strain 
partitioning between different rock types. This strain partitioning could be an effect of rheology, where 
less competent rock types like the upper and lower schistose cataclasites and amygdaloidal chlorite schist 
carry S2 schistosity, while more competent trondhjemite is largely undeformed at the mesoscale. Here the 
nonconformity dips gently to the north and is not oriented parallel to S2, but S2 has similar orientation on 
either side of the contact. Rocks surrounding the N-dipping nonconformity show evidence for deformation 
at high strain rates (i.e. cataclasis). North of the Blaauwbank Spruit (domain 2, Fig. 5.8A) S2 developed in 
Mesoarchean basement rocks is parallel with both the internal S2 of the overlaying Witwatersrand Supergroup 
quartzite and the contact basement-cover. 
One interpretation is that the different contact morphologies north and south of the Blaauwbank Spruit 
(domain 2, Fig. 5.8A) are inherited from the paleotopography at basal West Rand Group times. In the south, 
a Mesoarchean basement paleotopographic high may have formed due to stiff undeformed trondhjemite 
forming the N-dipping contact. Alternatively, this geometric variation of the Mesoarchean basement-
superstructure contact at the Zwartkops outlier from moderately N-dipping to flat-lying resembles the ramp-
flat geometries described in convergent and extensional tectonics (Fossen, 2010). As D2 top-to-the-south 
or SW kinematics suggested by the geometry of the 100 m-scale recumbent F2 fold (Fig. 5.14A), a reverse 
movement is interpreted along the north-dipping nonconformity (acting as a ramp, domain 2, Fig. 5.8A). The 
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‘flat’ is interpreted for the Mesoarchean basement-superstructure contact north of the Blaauwbank Spruit 
(domain 2, Fig. 5.8A) where the contact parallels S2 schistosity above and below the contact. In this case, 
the contact could represent a D2 décollement surface. A third possibility is a combination of the two above, 
whereby the different contact morphologies to the north and south of the Blaauwbank Spruit do represent a 
ramp-flat system and the basement paleotopography controlled where the ramp intitiated.
7.2.2 D1 E-W shortening event.
D1 structures are best observed in domains 1A and 1 of the Krugersdorp Game Reserve and Zwartkops 
outlier respectively (Figs. 5.1A and 5.8A). The D1 event produced weakly-preserved steeply N-S-striking 
lithological contacts between Witwatersrand and Ventersdorp Supergroup rocks, parallel to internal bedding 
in Witwatersrand Supergroup quartzite. Elsewhere D1 structures are rotated to parallel D2 structures (as seen 
at the Krugersdorp Game Reserve) or completely transposed into parallelism with D2 axial plane orientations 
of gently W-plunging F2 folds (Zwartkops outlier). No metamorphic foliation is associated with D1 at either 
area. The poor preservation of D1 structures in both areas can be attributed to post-D1 intense structural 
reworking by the D2 event.
Two schools of thought exist to explain the steep E-W dipping attitude of the S0 at Zwartkops. On the one hand, 
Hendriks (1961) and Stanistreet and McCarthy (1990) interpreted E-W dipping Witwatersrand Supergroup 
bedding in the quartzite as part of a km-scale S-plunging syncline. These authors deduced that E-directed 
thrusting produced this overturned isoclinal folding of the Zwartkops outlier superstructure. Hendriks (1961) 
believed that the gently to moderately SW-dipping S2 schistosity of this study formed synchronously with the 
km-scale S-plunging syncline as a fold axial planar fabric. Stanistreet and McCarthy (1990) however, noted 
that this tectonic fabric cuts across the Zwartkops syncline and attributed it to a later stage of deformation. 
On the other hand, Roering (1984) disagreed with the above interpretation of S1 as part of this Zwartkops 
syncline but instead suggested that the steeply E-W dipping structures formed as a lateral ramp during top-to-
the-north tectonic transport. Roering (1984) interpreted SW-dipping cleavage as formed contemporaneously 
with this top-to-the-north motion (Fig. 2.6).  
The km-scale, S-plunging fold of Hendriks (1961) and Stanistreet and McCarthy (1990) was not recognised in 
this study. Instead, a shallowly W-plunging, 100 m-scale, recumbent F2 fold exposed in quartzite lens 3 (Fig. 
5.14), ENE-facing cliff (domain 2, Fig. 5.8A) is noted. If the steeply N-S-striking S0 was formed as part of the 
Zwartkops syncline, as described by Hendriks (1961), then smaller-scale folds plunging to the south as lower 
order equivalents of the larger km-scale folded structure are expected. Instead, gently W-plunging F2 folds, 
with millimetre- to metre-scale wavelengths are observed, similar in orientation to the 100 m-scale fold in 
domain 2 (Fig. 5.8A). In addition, the SW-dipping S2 schistosity cross-cuts lithological contacts between 
Witwatersrand Supergroup pelitic schist and Ventersdorp Supergroup quartz porphyry schist associated with 
D1 (this study) at moderate to high angles in domain 1 (Fig. 5.8A). This is not the situation expected for a 
fold axial planar fabric-fold limb relationship as suggested by Hendriks (1961) where the S2 schistosity (this 
study) is axial planar to an S-plunging syncline. It is therefore unlikely that steep, N-S-striking bedding 
orientations formed synchronously with Hendriks’s (1961) km-scale Zwartkops syncline, but rather that S0 
in D1 position and S2 formed during separate deformation events (as suggested by Stanistreet and McCarthy, 
1990). The lateral ramp model of Roering (1984), where steeply N-S-striking bedding and S2 (this study) are 
also genetically related is discussed here in the light of new data from this study. Strong horizontal lineations 
on the steeply N-S-striking planes would be expected if formed as a lateral ramp, but there is no evidence 
of this in either the present study or that of Roering (1984). This makes it unlikely that steeply N-S-striking 
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bedding and lithological contacts represent a lateral ramp formed during top-to-the-north transport. 
A population of gently S-plunging aggregate mineral and S2-S0 intersection lineation, the L2B at the Zwartkops 
outlier exists (Fig. 5.9D). The L2B carried on S2 schistosity, could indicate the position of a pre-D2 steeply 
N-S striking fabric (other possibilities for L2B do exist and are discussed in context with D2 deformation in 
the following section). If gently S-plunging lineation L2B does represent a steeply N-S-striking pre-D2 fabric 
(similar to S0 in D1 position of this study), then it is unlikely that S0 in D1 position and S2 formed during only 
one deformation event as suggested by Roering (1984). 
Furthermore, the steeply N-S-striking Witwatersrand Supergroup bedding at the Zwartkops outlier transposed 
into F2 folds (Fig. 5.12B) support polyphase deformation here. This polyphase deformation is not as clear at the 
Krugersdorp Game Reserve where steeply N-S-striking bedding is merely rotated to parallel S2. The absence 
of folds to which S2 could be axial planar at the Krugersdorp Game Reserve (as is observed at the Zwartkops 
outlier) makes the relative timing of steeply N-S-striking bedding and D2 structures difficult to interpret. But 
evidence from the Zwartkops outlier suggests that the steep N-S-striking bedding and lithological contacts 
formed during D1, a phase of deformation active before the formation of the Transvaal Supergroup, and later 
transposed into F2 folds, to which the SW-dipping S2 schistosity is axial planar.  
If the steeply N-S-striking structures at Zwartkops (and by association at the Krugersdorp Game Reserve) 
were not formed during km-scale, overturned, S-plunging, isoclinal folding of the supracrustal sequences, or 
as a lateral ramp during top-to-the-north tectonic transport (Roering, 1984), then an alternative interpretation 
of these structures is required. Stanistreet and McCarthy (1990) described a system of faults with a polyphase 
deformation history in the Ireton Graben (Fig. 7.3), which abuts the Zwartkops outlier. Importantly, West 
Rand Group rocks abut middle Ventersdorp Supergroup rocks along an N-S striking, steep contact at the 
western flank of the Zwartkops Hills, so that the entire Central Rand Group sedimentary record is missing 
there.
Two possible explanations exist for D1 structures. The first one involves N-S-striking subvertical faults where 
internal Witwatersrand Supergroup bedding represents drag-folds, re-oriented to parallel the fault planes. 
These subvertical faults could account for the missing stratigraphy noted at the Zwartkops outlier (this study; 
Roering, 1984). Gently S-SSW-dipping L2B lineation at the Zwartkops outlier could indicate the presence of 
a pre-existing steeply N-S-striking fabric, absent where gently W-dipping L2A S0-S2 intersection lineation 
(parallel to B2 fold axes) is developed (representing pre-D2 flat-bedded areas). Map evidence for N-S-striking 
lithological contacts is clear (e.g. structural map Zwartkops). In Figure 7.3, the N-S contact between Platberg 
Group and West Rand Group rocks is interpreted to mark the NE extent of the Ireton Graben (Stanistreet and 
McCarthy, 1990).
A second explanation for D1 structures is that they form part of a large-scale F1 fold, where steeply N-S-
striking lithological contacts and bedding represent the limbs of the fold (measured as steeply N-S-striking 
S0 and lithological contacts at localities JD 103 and 109, Fig 5.8A and B, and evidenced by gently S-SSW-
dipping L2B lineation in areas where D2 is more pronounced). Pre-D2 flat-bedded areas, where L2A lineation 
dominates, would represent the horizontal hinge zone of the large-scale fold. However, no smaller F1 folds 
are observed at either the Zwartkops outlier or the Krugersdorp Game Reserve to suggest large-scale folding. 
In addition, large-scale folding cannot account for the missing stratigraphy at the Zwartkops outlier, unless 
there was detachment in fold limbs. Schmitz et al. (2004) suggested the accretion of the Kimberly and 
Witwatersrand blocks around ~ 2880 Ma formed a steeply N-S-striking suture zone during E-W shortening. 
As D1 structures at the Krugersdorp Game Reserve and the Zwartkops outlier are similarly oriented to the 
suture zone of Schmitz et al. (2004), they may have formed during regional E-W directed shortening. 
107
Figure 7.3: Map of western Johannesburg Dome where the Ireton Graben abuts the Zwartkops outlier and 
N-S-striking fault is represented here. Adapted from Stanistreet and McCarthy (1990). 
7.2.3 D2 top-to-the-south shearing event
7.2.3.1 D2 at the Krugersdorp Game Reserve
Roering (1968) and Stanistreet and McCarthy (1986) both described pervasive steep S-dipping bedding-
parallel cleavage in West Rand Group rocks of the West Rand Syncline. Roering (1968) interpreted this 
cleavage as post-dating regional fault-related folding in the area (forming the syncline). Both Roering (1968) 
and Stanistreet and McCarthy (1986) relate the formation of this steep S-dipping cleavage to the VIS ~ 100 km 
to the south. These authors suggested that this cleavage is younger than rocks of the Transvaal Supergroup. 
At the Krugersdorp Game Reserve, an angular unconformity was observed between Witwatersrand 
Supergroup and Transvaal Supergroup rocks (see chapter 5.1.1.1, Fig. 5.2) and S2 does not extend into 
Transvaal Supergroup rocks. Indeed, intensely developed steeply-dipping S2 in domains 1A and B is absent 
in the overlaying BRF quartzite in domain 3 (Fig. 5.1B). S2 is therefore interpreted as being older than the 
Transvaal Supergroup. The S2 cleavage exhibits two broadly distinct orientations; as intense subvertical to 
steeply SE-, S-, NW- to N-dipping in domain 1A (Fig. 5.1A) and less intense gently SE-dipping in domain 
1B (Fig. 5.1A). While the orientation of S2 in domain 1A agrees well with Roering (1968) and Stanistreet 
and McCarthy (1986), dip angle of S2 measured in domain 1B is flatter than what they suggested. Also, the 
timing of the S2 as pre-dating the Transvaal Supergroup formation, deduced for the S2 at the Krugersdorp 
Game Reserve does not agree with the timing suggested by these authors as post-dating the formation of the 
Transvaal Supergroup. 
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Three possibilities exist for the bedding-parallel orientation of S2 and discrepancy between domains 1A and 
B at Krugersdorp: 1) post-D1, pre-D2 deformation produced gently-dipping bedding-parallel cleavage. 2) 
Witwatersrand Supergroup rocks with bedding-parallel S2 represent the limbs of a class 3 F2 fold with divergent 
cleavage fan (Ramsay and Huber, 1987). 3) Type 0 fold interference pattern between D2 and D3 produced 
steeply S-dipping bedding-parallel cleavage in domain 1A and shallower dipping structures in domain 1B. 
Considering option 1, to produce bedding-parallel gently-dipping cleavage at post-D1 and pre-D2 time, steep 
N-S striking S0 would need to be vertically shortened or intensely deformed in the gently-dipping shear zone. 
There is no evidence of post-D1, pre-D2 structures that could account for either of these deformations, such as 
recumbent folding of steeply N-S striking D1 bedding planes. Therefore, it is illogical to suggest a separate 
post-D1, pre-D2 event based only on the existence of bedding-parallel S2 and it is therefore unlikely that this 
first possibility is the cause of its formation. The second possibility is that steeply N-S-dipping S2 in domain 
1A and shallowly SE-dipping S2 in domain 1B represent the limbs of class 3 folds F2 with divergent cleavage. 
Thicker fold hinges and thinner limbs characterise this type of fold, and axial planar cleavage diverging 
from the hinge zone into the limbs. In the limbs axial planar cleavage is bedding sub-parallel (Ramsay 
and Huber, 1987). This would explain well the occurrence of bedding-parallel cleavage in Witwatersrand 
Supergroup rocks at the reserve. However, no such fold hinges (or any F2 fold) is observed at the reserve, 
and no L2 crenulation lineation that parallels prospective fold hinges (and limited intersection lineation as 
S2 is bedding-parallel to slightly bedding sub-parallel) is developed at the reserve either, making folding 
an uncertain possibility. The third possibility also suggests that rocks of the Witwatersrand Supergroup are 
folded as class 3 divergent folds as discussed above and that fold interference type 0 exists between D2 and 
D3.  Fold interference type 0 causes fold amplification of an earlier phase of folding by later folding within a 
similarly oriented stress field (Ramsay and Huber, 1987). At the reserve, it would be assumed that D2 folds 
(evidence for which is absent as mentioned above) are formed during more intense deformation forming 
isoclinal to closed folds. F3A folds developed in BRF quartzite and metagreywacke (discussed below) are 
low strain intensity open folds. The interference of these two folds could explain why S2 in domain 1A are 
steep compared to gentler-dipping S2 in domain 1B. This possibility shares the same problem as the previous 
possibility in that there is no evidence of meso- or microscale of F2 folding at the reserve. 
S2 is defined by synkinematic mineral growth (biotite) in domain 1A and by preferentially aligned dissolution 
seams in domain 1B. There is then a discrepancy in deformation mechanisms between domain 1A and 1B, 
with domain 1A characterised by metamorphic growth and 1B by pressure solution. An explanation for the 
lack of fluid-assisted deformation in domain 1A could be heterogeneous strain across the two domains. In 
domain 1A, intense N-S shortening could have expelled (pumped) fluids out of the system locally along 
existing discontinuities. In comparison, lower strain in domain 1B may not have been intense enough to expel 
existing fluids which remained in the system causing pressure solution to form the dominant deformation 
mechanism here. Alternatively, there could be a control from the protolith where Witwatersrand Supergroup 
rocks in the north (domain 1B) are more hydrous than in the south (domain 1A). This would allow for fluid-
assisted deformation to occur in the north preferentially. However, this is difficult to quantify as West Rand 
Group rocks in the north look similar to those in the south in outcrop and thin sections (except differences 
in fabric intensity of structures). A third possibility for the presence of syn-deformation fluids in the north 
versus the south could be a local hydrothermal alteration. Quartz veinlets (Fig. 5.4E) cross-cut Crown Lava 
amygdaloidal schist (which also appears silicified in chapter 4.1.1) in the north where pressure solution is the 
dominant deformation mechanism. Veinlets are absent in the south (both at meso- and microscale) which 
could suggest that the addition of hydrothermal fluids caused different deformation mechanisms to dominate 
in the two areas.
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7.2.3.2 D2 at the Zwartkops outlier 
At the Zwartkops outlier, the occurrence of downward-facing bedding directly overlying upward-facing 
bedding in Witwatersrand Supergroup quartzite is noted. This bedding, although having different facing 
directions has a consistent orientation across most of the outlier. Hendriks (1961) and Stanistreet and 
McCarthy (1990) attribute this to the overturned S-plunging isoclinal Zwartkops syncline as described above. 
Additionally, Hendriks (1961) suggested that S2 cleavage is axial planar to this Zwartkops syncline, which 
as discussed above is unlikely. Roering (1984) disagreeing with this Zwartkops syncline model, suggested 
that overturning of the beds was rather a function of thrust faulting and S2 cleavage formed during tectonic 
transport to the north. 
The recognition of the gently W-plunging, 100 m-scale overturned recumbent fold exposed in the ENE-facing 
cliff at the Zwartkops outlier (domain 2, Fig. 5.8A) in this study contradicts the models of both Hendriks (1961) 
and Roering (1984). Indeed, the hinge line is measured and calculated as W-plunging and not S-plunging 
(Fig. 5.14C). In this fold, the structurally lower limb is upward-facing while the upper limb faces downwards. 
As it is a tight fold, both upward- and downward-facing limbs are similarly oriented, dipping gently to the 
SW. Furthermore, the hinge zone of the fold closes to the north, suggesting that this folding occurred during 
intense top-to-the-south or SW shearing. This sense of shear is in contradiction with Roering (1984) who 
determined top-to-the-north shearing for D2 from cleavage orientations. As this F2 folding explains well 
the orientation of Witwatersrand Supergroup bedding at Zwartkops, it also disagrees with Hendrik’s (1961) 
overturned S-plunging fold model as an explanation for bedding attitudes. Moreover, such S-plunging fold 
could not be observed in the field. S2 at the Zwartkops outlier is similarly oriented to the axial plane of F2 folds 
(Fig. 5.14C), and the two are genetically related. While S2 is an axial planar cleavage, it is not axial planar to 
Hendrik’s (1961) Zwartkops syncline, but to W-plunging F2 folds. Both this and kinematics revealed by the 
F2 recumbent fold facing also disagrees with S2 cleavage formed during top-to-the-north tectonic transport 
(Roering, 1984). 
S2 schistosity carries two populations of lineation, B2-parallel W-plunging L2A and S-plunging L2B with minor 
scatter in orientation between the two populations are observed. L2A crenulation lineation is interpreted 
as formed during F2 folding. L2B down-dip stretching mineral lineation on SSW-dipping S2 schistosity in 
Mesoarchean basement chlorite schist is mechanically compatible with NNE-SSW-oriented direction of 
tectonic transport during top-to-the-south or SW shearing. Remaining L2B aggregate mineral and S0-S2 
intersection lineation could represent preserved steeply N-S striking pre-D2 fabric as described in chapter 
7.1.2. Scatter between S- and W-plunging lineation would then indicate the rotation of D1 structures to D2 
position. Alternatively, L2B could record non-cylindricality of F2 folding, with variation in the plunge direction 
of the fold axis from south to west. Here scatter in lineation data between the two orientations would be a 
function of F2 non-cylindricality. As all observed F2 folds at the Zwartkops outlier plunge consistently to 
the west and SW (Fig. 5.9E), the existence of pre-D2 N-S striking S0, now preserved as a population of 
S-plunging intersection lineation is preferred. 
D2 deformation mechanisms at the Zwartkops outlier vary depending on rock type and location. Near 
the Mesoarchean basement-superstructure contact, cataclasis is the dominant deformation mechanism in 
quartzitic tectonic breccia (Witwatersrand Supergroup) and both upper and lower schistose cataclasite 
derived from Mesoarchean basement trondhjemite. Upper and lower schistose cataclasites also carry weak 
S2 defined by preferentially aligned white mica, biotite and chlorite, indicating that metamorphic mineral 
growth was also active. Evidence for pressure solution in upper schistose cataclasite exists in the form of 
weak S2-parallel dissolution seams.
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Witwatersrand Supergroup quartzite and pelitic schist show evidence for synkinematic growth of white 
mica and biotite and chlorite defining S2. Metamorphic growth is also coupled with pressure solution as a 
deformation mechanism in Witwatersrand and Ventersdorp Supergroup rocks. Evidence for this includes 
abundant pressure shadows about oxides, chlorite porphyroblasts and quartz porphyroclasts (in Ventersdorp 
Supergroup quartz porphyry schist) as well as the presence of S2-parallel dissolution seams. Rocks at the 
Zwartkops outlier show evidence for deformation by mechanical twinning (evidenced by planar defects 
within quartz grains; undulose extinction, mechanical twinning and grain boundary migration), pressure 
solution as well as cataclasis, all of which support deformation at low temperatures, but varying degrees of 
strain rate (Passchier and Trouw, 2005).
7.2.3.3 D2 summary 
D2 structures developed in Witwatersrand Supergroup rocks at the Krugersdorp Game Reserve include intense 
subvertical to steeply N-S-dipping to gentle, low-intensity SE-dipping bedding-parallel S2 schistosity. 100 
m-scale overturned recumbent folding at the Zwartkops outlier formed local downward-facing Witwatersrand 
Supergroup quartzite, to which S2 schistosity is axial planar. F2 fold-facing indicates top-to-the-south or SW 
shearing during D2. 
7.2.4 D3 N-S shortening event 
7.2.4.1 Polyphase deformation of Transvaal Supergroup rocks in literature 
Rocks of the Transvaal Supergroup have experienced multiple phases of deformation (McCarthy et al., 1986; 
Courtnage, 1995; Gibson et al., 1999; Bumby et al., 1998; Alexandre et al., 2006; Mapeo and Wingate, 
2009; Creus et al., 2017; Basson and Koegelenberg, 2017). Creus et al. (2017) described early NW-SE to N-S 
directed compression active during the deposition of the BRF in the western extension of the Transvaal Basin 
in Botswana (Fig. 7.2). This deformation formed W-plunging open non-cylindrical folds with wavelengths in 
the order of ~ 100 m. Following this was a period of NE-SW shortening refolding F1 folds (and re-orienting 
fold hinge orientations by up to 70°) from 2431 ± 31 to 2054 ± 9 Ma (Mapeo and Wingate, 2009). Creus 
et al. (2017) described this deformation as being similar to pre-BIC deformation of Bumby et al. (1998) in 
the region of Rustenburg. The later authors documented NE-SW horizontal shortening producing upright, 
open F1 folds. These were refolded by NNW-SSE horizontal compression which caused dextral strike-slip 
reactivation of the Rustenburg Fault. 
D1 of Creus et al. (2017) is similar to deformation described for the Mohlapitsi fold and thrust belt near 
the Thabazimbi-Murchison Lineament (located ~ 150 km north of the Johannesburg Dome, Basson and 
Koegelenberg, 2017, Fig. 7.2). Here north-directed thrusting is interpreted to have occurred between ~ 2400-
1900 Ma with the most intense deformation in this area occurring between 2054 and 1930 Ma. Structures 
recorded in the Mohlapitsi fold and thrust belt (Fig. 7.2) include E-W trending folds formed either during or 
after the BIC, S-dipping cleavage and conjugate shear joints which all support N-S shortening (Basson and 
Koegelenberg, 2017). Along with this deformation described by Basson and Koegelenberg (2017), Creus et 
al. (2017) described D3 extensional event active from 2054 to 1927 Ma. Mapeo and Wingate (2009) however 
interpreted this D3 as regional shortening around ~2000 Ma.  
In closer proximity to the Johannesburg Dome, Courtnage (1995) conducted a detailed investigation 
of polyphase deformation recorded in Transvaal Supergroup rocks between the northern margin of the 
Johannesburg Dome and the southern margin of the BIC. These deformation events include; S1 penetrative 
N-dipping cleavage are attributed to the earliest deformation D1 recorded in his study area. Porphyroblast-
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cleavage relations suggest pre- to syn-BIC timing for S1. Post-BIC (as determined by porphyroblast-cleavage 
relations) top-to-the-north shearing D2 produced pervasive S-dipping cleavage, bedding-parallel shear zones, 
north-verging folds and strained ooids in Transvaal Supergroup dolomite. Courtnage (1995) attributed D2 to 
the formation of the VIS ~ 120 km to the south. Large scale, low intensity rounded folds in Chuniespoort 
Group dolomite and associated steeply S-dipping axial planes are attributed to D3. Earlier structures are 
offset by NNE- to NNW-striking faults (D4). D1-D3 deformations are described as being consistent with N-S 
shortening while D4 is attributed to a later stage of brittle deformation.
In agreement with Courtnage (1995), McCarthy et al. (1986) and Gibson et al. (1999) suggested that 
pervasive S-dipping cleavage and associated north-verging folds in Transvaal Supergroup rocks formed 
contemporaneously with the VIS. However, these authors questioned whether it is possible to form such 
pervasive ductile deformation some ~ 120 km away from the meteoric impact. These authors describe this 
S-dipping schistosity as pervasive in rocks of the Ventersdorp and Witwatersrand supergroups at or near 
the Zwartkops outlier. Alternatively, Alexandre et al. (2006), based on Andreoli (1988) suggested that this 
cleavage was developed during the formation of the Transvaalide fold and thrust belt at 2042.1 ± 2.9 Ma. 
7.2.4.2 D3 at the Krugersdorp Game Reserve and the Zwartkops outlier
In this study, D3 structures recorded at biotite grade of greenschist facies, deforming rocks of the Transvaal 
Supergroup at the Krugersdorp Game Reserve and Zwartkops outlier. D3 structures are observed in domain 
3 (Figs. 5.1A and 5.8A) of both the Krugersdorp Game Reserve and Zwartkops outlier, separated from rocks 
older than the Transvaal Supergroup by the shallowly N-dipping angular unconformity at the base of the 
Black Reef Formation. Transvaal Supergroup rocks at the Krugersdorp Game Reserve and Zwartkops outlier 
are deformed into E-W trending F3A anticlinal folds in BRF rocks. Competency contrasts in rocks of the BRF 
resulted in cleavage refraction of S3A cleavage, axial planar to F3A folds, from gently to steeply S-dipping. This 
cleavage also occurs as bedding-parallel metamorphic foliation in the least competent beds (metagreywacke 
at the Krugersdorp Game Reserve and slate at the Zwartkops outlier). Cleavage refraction across different 
layers of contrasting competency explains this change in dip of axial planar S3A. F3A and F3B folds show 
similar fold axes orientations (gently W-plunging), despite differences in their axial planes. The formation 
mechanism and origin of F3B folds are not clear. 
At the microscale, pressure shadows about oxides and S3A-parallel dissolution seams in Transvaal Supergroup 
rocks at both the Krugersdorp Game Reserve and Zwartkops outlier, suggest pressure solution was a dominant 
deformation mechanism during D3. Crystal plastic deformation is noted in quartz grains but features such 
as undulose extinction and deformation planes are weakly developed, suggesting D3 deformation occurred 
at low temperatures and low differential stress (Passchier and Trouw, 2005). Andalusite porphyroblasts 
observed in Transvaal Supergroup slate at the Zwartkops outlier (domain 3) also occur as elongate pressure 
shadows about oxides with long axis contained in S3A (Fig. 5.19C). This shows that andalusite porphyroblasts 
grew either before S3A formation and were flattened parallel to S3A, or that porphyroblasts grew parallel to 
S3A. No overgrowth of mica defining S3A or S3B is observed on andalusite porphyroblasts. As F3B folds weakly 
affected the andalusite porphyroblasts, the age of porphyroblast growth is pre- to syn-D3. 
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7.2.4.3 Shear zones 
The method for determining sectors of stress tensors is common for paleostress interpretations of conjugate 
fault planes in the upper crust, where shear stress is concentrated into shear planes (faults at the surface, 
shear zones at depth). Ramsay and Graham (1970), Cobbold et al. (1971) and Burg (1999) discussed that 
ductile shear zones are planar instabilities whose brittle equivalents are faults. For brittle shear fractures in 
originally isotropic media, the orientation of the maximum stress axis (σ1) lies in the bisector plane of the 
acute angle between, and orthogonal to the intersection of conjugate faults of opposite sense of shear (Fossen 
and Cavalcante, 2017 and references therein). In ductile shear bands, this method can be applied, but the 
maximum finite stress axis is lying in the bisector plane of the 90° value or obtuse angle between conjugate 
shear bands. Steep decametre-scale shear zones are observed at both the Krugersdorp Game Reserve and 
Zwartkops outlier. 
For paleostress calculations of shear zones at both the Krugersdorp Game Reserve and the Zwartkops outlier, 
the right-angle dihedral method is used (Nováková, 2014; Burg, 2017). In this method, the stereonet is divided 
into four quadrants by constructing an auxiliary plane to complement the active plane, i.e. the shear band in 
this study. An auxiliary plane is a plane connecting the pole to the active plane and a point oriented at 90° to 
the lineation measured on the shear band (i.e. the lineation is the pole to the auxiliary plane, Burg, 2017). This 
method works for active planes where the sense of shear is known (Nováková, 2014), and compressive versus 
tensile quadrants are derived from the sense of shear and orientation of the shear band. At the Krugersdorp 
Game Reserve, steep to subvertical NE-SW striking sinistral shear zones occur in both Witwatersrand 
Supergroup and BRF quartzite (domains 1A and 2 respectively, Figs. 5.1A and 5.8A), and dextral NW-SE 
striking shear bands occur only in BRF quartzite. In BRF quartzite (Krugersdorp Game Reserve), both 
sinistral and dextral sets are formed together in shear zone arrays. As shear band intersections are absent in 
the field, intersecting angles are calculated using equal area projections. Set of conjugate shear bands have 
inter-shear band angles of 60 to 120° in the compressive domain. When considering individual paleostress 
orientations obtained from the right-angle dihedral method (Nováková, 2014; Burg, 2017) for each shear 
band, all compressive sectors show N-S oriented shortening (Figs. 7.4A, B, C and D) to produce the measured 
sinistral and dextral shear zones. These results confirm that shear bands are compatible with being conjugate 
shear bands even if intersections are absent and that they all formed in response to N-S shortening (Fig. 7.4).
At the Zwartkops outlier steeply to shallowly SE-dipping external schistosity oriented at > 45° to shear bands 
are re-oriented to parallel shear bands at both meso- and microscale. This schistosity must have formed before 
shearing (or as a precursor to shearing) rather than during shearing. This schistosity is weakly developed to 
absent within ~ 50-100 cm away from shear bands. As S2 is dominant in domain 2 (Fig. 5.8A) where the shear 
zone is developed, this external schistosity is interpreted as S2. Orientations of paleostresses calculated here 
show N-S shortening (Figs. 7.5B, C and D) except for Figure 7.5A. The overall steep to subvertical orientation 
of the shear zone network is close to the one of the Si gneissosity in gneissic granodiorite country rock. It 
is thought that as existing anisotropy in country rock Si and the shear zone are similarly oriented that the Si 
planes may (at least partially) lie in the compressive sector of broadly N-S shortening calculated here (Figs. 
7.5B, C and D) and were thus re-activated during shearing (Fossen and Cavalcante, 2017). 
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Figure 7.4: Paleostress reconstructions for Krugersdorp Game Reserve conjugate shear zones constructed 
using the right-angle dihedral method (Nováková, 2014; Burg, 2017).  Solid lines show shear band orientation 
while dashed lines represent the auxiliary plane oriented at 90° to measured lineation (red) and shear band 
(black). Grey polygons represent compressive sectors versus tensional sectors (white). Black arrows show the 
sense of shear across shear bands, determined from field observations.  
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Figure 7.5: Paleostress reconstructions for Zwartkops outlier conjugate shear zones constructed using the 
right-angle dihedral method (Nováková, 2014; Burg, 2017).  Solid lines show shear band orientation while 
dashed lines represent the auxiliary plane oriented at 90° to measured lineation (red) shear band (black). Grey 
polygons represent compressive sectors versus tensional sectors (white). Black arrows show the sense of shear 
across shear bands, determined from field observations. (B), (C), and (D) are compatible with N-S shortening, 
while (A) is not. 
Strain partitioning in shear zones into domains of high strain is expressed as shear bands, often as a system 
of converging and diverging shear bands separated by low-strain domains. Kinematics along shear bands and 
the morphology of undeformed domains bound by these shear bands provide information on the overall strain 
state of the shear zone. A system of shear band linkages showing the same shear sense defines an anastomosing 
shear zone. Anastomosing shear zones form during non-coaxial deformation. In comparison, shear bands 
showing opposing kinematics characterise shear zones formed during coaxial deformation (conjugate shear 
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zones). Antithetic shear bands define lozenges of country rock less deformed than bounding shear bands 
(Fossen and Cavalcante, 2017). Shear zone arrays at both Krugersdorp Game Reserve and Zwartkops outlier 
are interpreted to be conjugate shear zones due to angles of intersection (oblique intersection of shear bands 
defining a ~ 60° acute and ~ 120° obtuse angle) and alternating kinematics along differently oriented shear 
bands (chapter 5.2.2.5, Fossen and Cavalcante, 2017). At the Zwartkops outlier, antithetic shear bands define 
a lozenge of relatively undeformed country rock. This implies that shear zone formation in both areas is pure 
shear-dominated rather than simple shear dominated.
7.2.4.4 Discussion of D3 structures 
The development of metre-scale upright, open, anticlinal folds in the BRF quartzite and associated 
subvertical to shallowly S-dipping S3A at both the Krugersdorp Game Reserve and at the Zwartkops outlier 
agrees well with Courtnage (1995), Gibson et al. (1999), Creus et al. (2017) and Basson and Koegelenberg 
(2017). Courtnage (1995) and Gibson et al. (1999) agree with S-dipping S3A as axial planar to F3A folds as 
is interpreted for S3A in this study. McCarthy et al. (1986) however, interpreted S-dipping cleavages (S3A of 
this study) as unrelated to N-verging folding (F3A of this study) because dip of cleavage is described to be ~ 
10-20° shallower than fold axial planes developed in rocks of the Transvaal Supergroup to the north of the 
Johannesburg Dome. Conversely, and in agreement with this study’s findings, Gibson et al. (1999) attributed 
variations in dip angle to cleavage refraction across rocks of contrasting competency (BRF slate versus 
quartzite). These authors suggested that S-dipping cleavage formed during the VIS, while Alexandre et al. 
(2006) interpret these findings as formed during the Transvaalide orogeny. 
Porphyroblast-S3 relationships reveal that andalusite growth at the Zwartkops outlier is pre- to syn-D3 (as 
described above). If this metamorphism is attributed to the intrusion of the BIC to the north, then the 2055 
Ma age for the Rustenburg Layered Suite (Zeh et al., 2015) provides a minimum age constraint for D3. The 
timing of andalusite growth relative to schistosity here agrees with the pre- to syn-BIC timing of growth of 
porphyroblasts during the D1 event of Courtnage (1995). A difference lies in that the S1 of Courtnage (1995) 
is consistently N-dipping, while schistosity S3A here is S-dipping. However, Basson and Koegelenberg (2017) 
constrained the timing of S-dipping cleavage in the Mohlapitsi fold and thrust belt (Fig 7.2) as pre-dating to 
overlapping the age of the BIC. A slight discrepancy in the age of D3 exists between D3 from this study (pre- 
to syn-BIC) versus that of Basson and Koegelenberg (2017). Despite this, the BIC is interpreted to have bent 
north-dipping BRF bedding and fold envelopes at both study areas due to thermal subsidence (McCarthy et 
al., 1986, and Gibson et al., 1999). Courtnage (1995) attributed gentle N-dipping beds as a combined effect 
of BIC thermal subsidence and uplift of the Johannesburg Dome. 
Both Courtnage (1995) and Basson and Koegelenberg (2017) reported conjugate, steep shear zones in 
rocks of the Transvaal Supergroup. In the Krugersdorp Game Reserve, the shear zones in BRF quartzite 
deflect S3A cleavage, suggesting that they formed progressively with, or post-date S3A formation. Regarding 
the Zwartkops outlier shear zone array (Fig. 5.19) it is noted that some shear bands in this shear zone are 
subparallel to existing Si gneissosity in the country rock. This shear zone array may also represent shearing 
associated with D3 (from 
40Ar/39Ar ages obtained from this shear zone, as discussed in chapter 7.2) and that 
existing anisotropy Si controlled the orientations of some shear zones (exploiting Si to accommodate D3 
strain). 
Calculated paleostress directions from the Krugersdorp Game Reserve shear zones and the orientation of F3A 
and F3B fold axes and axial plane S3A and S3B schistosities all suggest that D3 formed during post-BRF N-S 
compression with a component of pure shear as indicated from shear zone morphologies and kinematics. 
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The present study agrees with the interpretations of Cheney et al. (1989) and Tau (2018, unpublished honours 
thesis) that S-SW-dipping schistosity recorded in Witwatersrand Supergroup rocks is not related to S-dipping 
schistosity developed in the Transvaal Supergroup. The occurrence of similarly oriented structures formed 
during different deformation events suggests that type 0 fold interference (Ramsay and Huber, 1987) exists 
between D2 and D3 structures in the Johannesburg Dome region. Differences in fabric intensity and kinematics 
support the separation of D2 and D3 structures, where D2 structures record intense top-to-the-south or SW 
shearing while D3 structures record less intense pure shear-dominated N-S compression. 
Courtnage (1995), Gibson et al. (1999), McCarthy et al. (1986) and Basson and Koegelenberg (2017) all 
agree that N-S shortening was responsible for deformation of the rocks of the Transvaal Supergroup. This 
deformation occurring during or after the formation of the Transvaal Supergroup is protracted and manifested 
differently at different localities due to heterogeneous strain, resulting in the plethora of structures described 
by these authors. Geological phenomena such as the BIC and VIS have undoubtedly played a role in this 
prolonged structural evolution of the Transvaal Supergroup, but occurrences such as the Mohlapitsi and 
Transvaalide fold and thrust belts (Fig. 7.2) should not be discounted. Caution is advised that the present study 
is a detailed structural investigation on a comparatively small area compared to robust larger-scale studies 
of the authors above. This study, therefore, provides only a glimpse into the complex regional polyphase 
deformation occurring in Kaapvaal Craton at late to post- Transvaal Supergroup times.
7.3 Formation mechanism(s) of the Johannesburg Dome 
It is commonly accepted that the Johannesburg Dome formed during uplift of the Mesoarchean basement 
core which tilted the overlying superstructure to its present-day orientation (Anhaeusser, 1973; McCarthy 
et al., 1986, Hilliard, 1994; Courtnage, 1995). In this chapter, structural data collected from the Zwartkops 
outlier (where Mesoarchean basement-superstructure contact is exposed) and the Krugersdorp Game Reserve 
(rocks of the superstructure ~ 15 km away from the contact) are used to assess the structural characteristics 
of the Johannesburg Dome. Preliminary structural characteristics of the Johannesburg Dome are compared 
with structural attributes of known structural domes worldwide (see chapter 1.2). 
7.3.1 Summary of structural characteristics of the Johannesburg Dome 
The Johannesburg Dome consists of a slightly elliptical core (in map view) of Mesoarchean basement rocks 
surrounded by outwardly dipping volcano-sedimentary rocks. Structures within the core include steep pre-
Dominion Group E-SE striking gneissosity (Anhaeusser, 1973, Si in this study). The age of the gneissosity is 
not well-constrained. Di gneissosity at Zwartkops is of amphibolite facies while metamorphism described for 
the Dominion Group and Witwatersrand Supergroup is at greenschist facies (except for near the VIS crater, 
Phillips and Law, 1994). 
Along the northern and NW margin of the Johannesburg Dome, the contact between the Mesoarchean 
basement and Transvaal Supergroup rocks dips gently to the north (Cheney et al., 1990; Courtnage, 1995; 
Tau, 2018, unpublished Honours thesis).  Along the southern margin of the dome, the contact between 
Mesoarchean basement and Witwatersrand Supergroup dips south (Anhaeusser, 1973). Like in the north, 
at the western and eastern margins of the Johannesburg Dome, Mesoarchean basement is overlain by lower 
units of the Transvaal Supergroup dipping to the NW (Fig. 1.1B) and east respectively (1:50 000 2527DD 
Broedestroom and 2528CC Lyttleton geological maps). As described and discussed above, rocks along the 
NW margin of the Johannesburg Dome have been deformed by early (prior to the deposition of the Transvaal 
Supergroup) E-W shortening (D1 of this study), followed by top-to-the-south shearing (D2 of this study), and 
finally N-S shortening (D3 of present study) that affected rocks of the Transvaal Supergroup and older units.
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7.3.2 Analytical estimate of the minimum uplift of the basement core in case of doming processes
Before comparing the structural characteristics of the Johannesburg Dome to those formed during active 
dome processes, it is useful to know how much uplift would be required to create the current Johannesburg 
Dome outcrop architecture. A simple trigonometric function is used to perform a basic calculation of how 
much the apex of the dome would have to rise to tilt the overlying superstructure to its current position. 
Some assumptions are needed before considering values of uplift calculated below.  Firstly, in a horizontal 
stratified system (represented by the basal N-S line in Fig. 7.6) doming consists of the change in shape of 
this horizontal plane to a sphere (from a line to an arc of a circle along the N-S line in Fig. 7.6). Secondly, 
layers should not decouple during doming and are rotated passively to follow the shape of the rising, spherical 
basement. In this model, the cover tilted about a horizontal axis. In the simplistic system represented below, 
there is no volume change of the rising body, no strain partitioning or flexural slip between the rising body 
and the overlying strata (not shown in Fig. 7.6). 
Accordingly, an N-S section through the Johannesburg Dome is used to calculate the minimum rise of the 
basement needed to tilt the superstructure to its present-day position. The horizontal distance used is 30 
km outcrop of Mesoarchean basement rocks from the Transvaal Supergroup contact in the north, and the 
Witwatersrand Supergroup contact in the south. This value is halved to estimate the rise of the centre (and 
hence the apex) of the dome. An average dip of the northern contact used is 20° (dip of Transvaal Supergroup 
along the northern margin of the Johannesburg Dome is between 10° and 30° (1:50 000 2528 CC Lyttleton 
geological map, 20° represents an average value), and 27° (dip angles along the southern margin between 
10° and 45° recorded and so an average of the two end members is taken, Anhaeusser, 1973) for the southern 
contact. These values also reflect the average dip of bedding in the superstructure along the northern and 
southern margin of the Johannesburg Dome (Fig. 7.6). Due to differences in dip angle along the northern and 
southern margins of the dome, two calculations are used to provide a range of the minimum amount of uplift. 
The equation used for the southern half of the dome:
(1)  
The equation for the northern half of the dome:
(2)  
The minimum amount of uplift of Mesoarchean basement required to tilt the superstructure is 7.81-8.66 
km (from equations 2 and 1, respectively). In their work regarding the doming of the Fangshan pluton, He 
et al. (2009) infer a 6-9 km ascent of the pluton head through crustal material with vertical displacement of 
Archean rocks of ~ 4 km. Uplift calculated for the Johannesburg Dome is therefore in the order of vertical 
displacement expected for a magmatic pluton. However, it is clear that the Mesoarchean basement core of the 
Johannesburg Dome is older than the superstructure (e.g. Poujol and Anhaeusser, 2001; Kositcin and Krapež, 
2004) implying that diapiric rise is not a viable mechanism for the formation of the Johannesburg Dome. 
Therefore, the rocks of the basement must have been reactivated by some thermal process if it was to rise and 
bend the overlying strata as suggested in this simplistic system.   
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Figure 7.6: Sketch illustrating the method for calculating an estimation of the minimum amount of uplift by the 
Mesoarchean basement core needed to tilt overlying sequences to their current positions. The angle used to 
calculate the tilt in the southern half of the dome is 27° versus 20° for the northern half. The lines indicating 
this tilt are merely representative as the sketch is slightly exaggerated in the vertical plane. See text for detail.
7.3.3 Comparing the Johannesburg Dome to known doming mechanisms
7.3.3.1. Metamorphic core complex
Typical structural characteristics of metamorphic core complexes are asymmetric zonation of the 
metamorphic grade in the core of the complex (Fig. 1.2A; Burg et al., 2004) as well as planar structures in 
the core of the complex that parallel the core-superstructure contact. For instance, the Paparoa metamorphic 
core complex in New Zealand is composed of high-grade metamorphosed granites that are separated to low-
grade metasedimentary and granitic rocks of the superstructure by low-angle mylonitic detachments that are 
(Tulloch and Kimbrough, 1989). The detachments exhibit well-developed stretching mineral lineation and 
opposite sense of shear on either side of the complex, both indicating a normal sense of shear. This resulted 
in a core-up, superstructure-down movement.
Now considering the Johannesburg Dome, its shape in map view as an elongate slightly elliptical core, is 
consistent with that of metamorphic core complexes (Burg et al., 2004; Jeřábek et al., 2012). However, it 
is evident that the gneissosity in the Johannesburg Dome Mesoarchean basement core does not parallel 
the outwardly-dipping contact with the superstructure; instead, it is steep and SE-striking (Anhaeusser, 
1973). Also, concentric metamorphic zonation is absent in Mesoarchean basement rocks of the Johannesburg 
Dome (Anhaeusser, 1973). In addition, there is little evidence for shearing along the basement-supracrustal 
contact of the Johannesburg Dome as demonstrated at the Zwartkops outlier in this study. Where shear 
zones demarcate the contact (such as at the Jukskei River Shear Zone developed in Mesoarchean basement 
granitoids developed along the Johannesburg Dome margin), they are not oriented parallel to the core-
superstructure contact (Cheney et al. 1990; Tau, 2018, unpublished honours thesis). Anhaeusser (1973) 
described domains of granitoids of differing age, petrology and metamorphic grade. Plutonic rocks (now 
metamorphosed to gneissic and migmatitic rock types namely trondhjemite gneisses at amphibolite facies) 
dominate the northern half of the Johannesburg Dome core. To the south, several varieties of homogenous 
granodioritic rocks exist. Anhaeusser (1973) described a ‘transitional’ intermediate rock type separating 
gneiss and migmatite to the north and granodiorite to the south. Instead of core rocks showing concentric 
zonation for the Johannesburg Dome, there exist separate metamorphic domains defining bulk metamorphic 
asymmetry across the core (Fig. 1.1B). The combined absence of (i) concentric metamorphic zonation in 
the Mesoarchean basement core, (ii) parallel basement core and superstructure fabrics and, (iii) mylonitic 
detachments with core-up, superstructure-down kinematic indicators, do not support a metamorphic core 
complex interpretation.
7.3.3.2 Mantled gneiss domes and magmatic diapirs
Eskola (1948) and Burg et al. (2004) described mantled gneiss domes as containing gneissosity in the higher-
grade core which parallels core-superstructure contact and planar structures in the lower grade superstructure. 
In addition, mantled gneiss domes show weakly elliptical geometries in map view (Jeřábek et al., 2012). The 
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steeply SE-dipping gneissosity Si recorded in the Zwartkops outlier Mesoarchean basement from this study, 
agrees with gneissosity orientations recorded elsewhere in the Johannesburg Dome (Anhaeusser, 1973). 
However, D1 and D3 structures developed in the superstructure do not parallel the Mesoarchean basement-
superstructure contact. S2 is also oblique to the N-dipping Mesoarchean basement-superstructure contact 
except where Witwatersrand Supergroup quartzite is in contact with the Mesoarchean basement north of the 
Blaauwbank Spruit at the Zwartkops outlier (see chapter 7.1.1 on contact morphology, domain 2, Fig. 5.8A). 
It could be argued that the 100 m-scale recumbent F2 fold exposed in the ENE-facing cliff at the Zwartkops 
outlier (domain 2, Fig. 5.8A) constitutes a cascading fold off the Johannesburg Dome (Fig. 1.3, Burg et 
al., 2004; Whitney et al., 2004). However, the fold facing (north closing fold hinge zone with downward-
facing upper limb and upward-facing lower limb) of the 100 m-scale F2 fold situated above the north-dipping 
Mesoarchean basement-superstructure contact in domain 2 (Fig. 5.8A) is opposite to that described for 
cascading folds by Whitney et al. (2004). 
Anhaeusser (1973) suggested a mantled gneiss dome origin for the Johannesburg Dome. He proposed a 
modified model of mantled gneiss doming compared to that of Eskola (1948), describing the Johannesburg 
Dome as an ‘incomplete mantled gneiss dome’. He explained this as stating that the magmatic core rocks 
began ascending during their initial emplacement around 3340 ± 3 Ma (age of oldest granitoids described 
for the Johannesburg Dome core, now represented as tonalitic gneisses exposed in the northern half of the 
core, Poujol and Anhaeusser, 2001). Following episodic magmatism and emplacement of younger 3201 ± 
5 Ma, 3121 ± 5 Ma, 3114 ± 2.3 Ma, 3117 ± 12 and finally < 3114 Ma granitoids (Poujol and Anhaeusser, 
2001) now expressed as gneissic trondhjemite to granodiorite suits caused continual ascent of the magmatic 
complex. The intrusion of the BIC provided an additional thermal input during and after the deposition of 
the Transvaal Supergroup. Allsop’s (1961) unclear regional metamorphic event, to which Anhaeusser (1973) 
attributed the continued ascent of the Johannesburg Dome core, could be the intrusion of the BIC. 
In conclusion, Anhaeusser (1973) described the Johannesburg Dome as a continually ascending body rising over 
a 1-billion-year period which is extremely slow with regards to current rates of plate tectonics. Furthermore, 
this would mean that the Johannesburg Dome core would have risen and domed the superstructure as a solid 
object. This billion-year time frame for the rise of the magmatic core of the Johannesburg Dome appears 
inconsistent with the current knowledge of the regional geology. Indeed, Robb and Meyer (1990) and Nwaila 
et al. (2017) described the Johannesburg Dome granitoids as part of several basement highs from which the 
Witwatersrand Supergroup sourced its material (further discussed below). This scenario would not be possible 
if the granitic source were still ascending through the crust at this time. It is more likely that the Johannesburg 
Dome core was already exposed during the deposition of the Witwatersrand Supergroup or even before. The 
exposure of the Johannesburg Dome core rocks at this time, along with the orientations of Mesoarchean 
basement gneissosity Si relative to Mesoarchean basement-superstructure contact and structures developed 
in the superstructure, makes it unlikely that the Johannesburg Dome resembles a mantled gneiss dome. 
7.3.3.3 Interference fold domes
Km-scale domes, the Marble Hall, Denilton and Crocodile domes, formed by interference folding active 
during or after the deposition of the Transvaal Supergroup are recorded in the Bushveld Igneous complex as 
Transvaal Supergroup inliers (Hartzer, 1995; Bumby et al., 1998) north of the Johannesburg Dome. These 
interference fold domes are described by Bumby et al. (1998) as having formed during multiple phases of 
regional shortening, namely NE-SW shortening D1 followed by NNW-SSE shortening D2. 
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It is noteworthy that the Johannesburg Dome lies roughly within the fold axial trace of the Rand Anticline. 
As the Rand Anticline is cored by rocks of the Mesoarchean basement and those of the Witwatersrand 
Supergroup, with lower Transvaal Supergroup rocks exposed on the flanks of the anticline, it does resemble 
the weakly elliptical Johannesburg Dome in outcrop pattern. However, it’s long axis trends NE-SW while 
that of the Johannesburg Dome is E-W trending. Besides, Fletcher and Reimold’s (1989) projection (Fig. 2.4) 
of the Rand Anticline’s axial trace (which parallels those of the Swartruggens and Chuniespoort anticlines) 
cut across the NW half of the Johannesburg Dome. If the Johannesburg Dome does represent a large-scale 
fold linked to the Rand Anticline, it would be expected to be non-cylindrical with the axial trace rotating 
from NE-SW to E-W trending, contrary to that of Fletcher and Reimold (1989). Furthermore, the Rand 
Anticline lacks N-S striking bedding such as is seen along the eastern and western flanks of the Johannesburg 
Dome. In the map of Parsons and Killick (1990, Fig. 7.7) the regional geology around the Johannesburg and 
Vredefort domes is shown, including both the Rand Anticline and Potchefstroom Syncline. These structures 
are both tangential to the Vredefort Structure, and indeed the Rand Anticline is the anticlinal counterpart 
to the Potchefstroom Syncline (McCarthy et al., 1986) formed during the impact at Vredefort (e.g. Reimold 
and Gibson, 2006). While the Rand Anticline and Johannesburg Dome appear similar in outcrop geometry, 
more work on both structures is needed to confirm or eliminate a possible correlation of their timing and 
formation mechanisms.
Figure 7.7: Map showing the Rand Anticline and Potchefstroom Syncline in relation to the VIS and Johannesburg 
Dome, adapted from Parsons and Killick (1990).
Structural data from the Krugersdorp Game Reserve and the Zwartkops outlier record two periods of folding, 
D2 top-to-the-south or SW shearing producing F2 folds that are older than rocks of the Transvaal Supergroup, 
and F3 folds in rocks of the Witwatersrand and Transvaal supergroups formed during N-S shortening D3. 
The interaction of these two phases of deformation produced type 0 fold interference. As fold interference 
is a well-known formation mechanism of structural domes and fold interference is noted here, it is possible 
that the Johannesburg Dome is this ‘type’ of a structural dome. However, fold interference type 0 produces 
amplification of existing folds with the bulk stress fields of the two deformation events similarly oriented 
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(Ramsay and Huber, 1987). This would not produce a dome unless the hinge lines are non-cylindrical and 
plunge to the east and west along the east and west margins of the Johannesburg Dome. However, when 
considering the E-W shortening present during D1 (and assuming, that folding occurred during D1) and D2 
top-to-the-south or SW shearing and D3 N-S shortening, these define type 1 fold interference. 
7.4 If not doming, then what?
7.4.1 Johannesburg Dome core as a paleotopographic high
The source of the gold-bearing Witwatersrand Supergroup sediments has been debated for the last century. 
In trying to determine their possible provenance, Robb and Meyer (1990 and references therein) and Nwaila 
et al. (2017) provided valuable insight into the basement geology of central Kaapvaal Craton. These studies 
are pertinent to the aim of the present work of determining if the Johannesburg Dome formed by doming 
processes or if it is merely an artefact of basement paleotopography outcropping with a dome geometry in 
map view and is hence summarised below. 
Robb and Meyer (1990 and references therein) identified several granitoid-greenstone belts in the central 
to northern Kaapvaal Craton as likely sources of the Witwatersrand sediments. This work groups the 
Johannesburg Dome along with other basement domal inliers such as the Devon, Varkenskraal and Schweizer-
Reneke basement highs as forming part of the hinterland as the source of the Witwatersrand Supergroup. The 
authors further suggested these domes represent Archean crust that has been ‘repeatedly mobilised’. They 
suggested that this repeated mobilisation occurred after the deposition of the Transvaal Supergroup, but do 
not provide a mechanism for the reactivation. 
Nwaila et al. (2017) supported the interpretation of Robb and Meyer (1990 and references therein) that 
granitoid-greenstone basement highs, such as the Johannesburg Dome formed the hinterland of the 
Witwatersrand Basin. Their detailed isotopic comparisons of shale in the West Rand and Central Rand 
groups show that sources range from granite to greenstone and back to granitic, from stratigraphic bottom 
to top of the Witwatersrand Supergroup. These authors proved that uplift and erosion of the hinterland by 
collision along the northern margin of the craton progressively unroofed granitoids sampled as Witwatersrand 
Supergroup sediments. 
Robb and Meyer (1990 and references therein) and Nwaila et al. (2017) suggested that the Johannesburg 
Dome Mesoarchean basement was likely exposed at during the deposition of at least the West Rand Group as 
a basement high. This basement high theory contradicts the doming models of Anhaeusser (1973), Courtnage 
(1995) and Hilliard (1994) and requires an alternative model to doming for the Johannesburg Dome where 
the Johannesburg Dome is a paleotopographic high. If the Johannesburg Dome existed as a paleotopographic 
high, then onlap of Witwatersrand Supergroup rocks to the south and Transvaal Supergroup rocks along the 
north of the Johannesburg Dome would be expected. 
Although in the cross section of Catuneanu (2001, Fig. 7.8) a direct onlap of Witwatersrand Supergroup 
sediments onto the basement high to the north is not apparent, the author described transgressive onlapping 
facies during their progressive deposition. Catuneanu (2001) and Nwaila et al. (2017) stated that rocks of 
the Witwatersrand Supergroup thin to the south from the northern margin of the Witwatersrand Basin 
(where the Witwatersrand Supergroup hinterland along with the Johannesburg Dome are located). Along 
the northern margin of the Johannesburg Dome the Transvaal Supergroup onlaps clearly onto the basement 
high indicated in cross section (Catuneanu, 2001). This information regarding both Witwatersrand and 
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Transvaal supergroups as well as provenance studies of the Witwatersrand Supergroup sediments indicating 
paleocurrent directions predominantly from the north (e.g. Nwaila et al., 2017) suggest that the Johannesburg 
Dome most likely existed as an exposed basement high during the deposition of the West Rand Group 
(Witwatersrand Supergroup). 
Figure 7.8: NNE to SSW cross section showing rocks of the Mesoarchean basement forming a basement high 
towards the NNE. Rocks of the Witwatersrand Supergroup and Transvaal Supergroup thin towards the south 
and north respectively, adapted from Catuneanu (2001). 
7.4.2 Buttressing effect of the Johannesburg Dome during regional polydeformation
If the Johannesburg Dome existed as a paleotopographic high at the time of sedimentation of the West 
Rand Group, then it is possible that it would have a buttressing effect on surrounding rocks during multiple 
regional deformation events D1, D2 and D3 recorded at the Krugersdorp Game Reserve and the Zwartkops 
outlier. It is hence possible that the Johannesburg Dome represents a rigid object around which rocks of the 
superstructure deformed (Fig. 7.9). 
Buttressing would imply that the superstructure deformed preferentially compared to the basement and 
that decoupling would occur between the superstructure and Mesoarchean basement rocks. Despite this, 
both D1 and D2 structures extend into Mesoarchean basement rocks. Mesoarchean basement deformed with 
Witwatersrand and Ventersdorp supergroups rocks during D1 and deformed to an effective thickness of 
~ 50 m below the cover-basement contact during D2. Involvement of the Mesoarchean basement during 
D2 top-to-the-south shearing indicated that D2 might have formed during thick-skinned tectonics. Except 
for crenulation of the strongly anisotropic Mesoarchean basement below the BRF-Mesoarchean basement 
angular unconformity (Zwartkops outlier), D3 has not affected Mesoarchean basement rocks. The shear zone 
developed in Mesoarchean basement rocks (Zwartkops outlier) is interpreted as forming near-parallel to Di 
gneissosity, representing an anisotropic weakness in Mesoarchean basement rocks reactivated during D3 N-S 
shortening.
 
If the Mesoarchean basement core of the Johannesburg Dome repeatedly indented rocks of the superstructure 
during multiple phases of deformation, a decrease in strain intensity away from the core-superstructure 
contact is expected. D1 and D3 structures at both the Krugersdorp Game Reserve and the Zwartkops outlier 
appear similar in strain intensity. Intensely developed D2 deformation at the Zwartkops outlier is indicated by 
tight fold morphologies of F2 folds. The strain intensity of D2 structures developed at Krugersdorp is difficult 
to determine relative to that at the Zwartkops outlier due to the absence ofF2 folds here. This lack of clear 
variations in fabric intensity between areas located at the core-superstructure contact of the Johannesburg 
Dome and a distance of ~ 15 km away from the contact do not support the interpretation that the Johannesburg 
Dome acted as a ridged object around which younger and weaker rocks deformed. Despite this, Robb and 
Meyer (1990 and references therein) and Nwaila et al. (2017) suggest that the Johannesburg Dome does 
indeed represent a basement high. 
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Figure 7.9: Illustrative diagram of the buttressing effect of the Johannesburg Dome core on surrounding 
rocks. At T0 the granitoid-greenstone basement of the Kaapvaal Craton forms a paleotopographic high and a 
source of sediment for rocks of the West Rand Group. During or directly after the outpouring and deposition 
of the volcano-sedimentary rocks of the Ventersdorp Supergroup, D1 tentatively interpreted as a period of 
E-W shortening that formed steep N-S-striking structures, deforming rocks of the Mesoarchean basement, 
Witwatersrand and Ventersdorp supergroups. D2 top-to-the-south or SW shearing at T2 produced S-SW-dipping 
cleavages and beddings in Ventersdorp and Witwatersrand supergroups rocks. D2 preceded the deposition of 
the Transvaal Supergroup. At T3, during the later stages of deposition of the Transvaal Supergroup, D3 N-S 
directed shortening folded rocks of the Transvaal Supergroup, producing a shallowly S-dipping cleavage at 
upper greenschist facies conditions. Presently (at T4) the Mesoarchean basement core of the Johannesburg 
Dome is exposed by erosion. Transvaal Supergroup rocks to the north of the Mesoarchean basement core dip 
gently to the north, at least partly because of thermal subsidence of the BIC, located ~ 30 km to the north of 
the Johannesburg Dome. The Mesoarchean basement core acted as a rigid object, repeatedly indenting the 
rocks of the superstructure. Superimposition of D1, D2 and D3 structures around the Mesoarchean basement 
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core caused rocks of the Johannesburg Dome to represent a structural dome in outcrop. Despite this, the 
Johannesburg Dome most likely represented a paleotopographic high prior to D1 deformation event. 
7.5 Conclusions
Structural investigation of the rocks of the Johannesburg Dome have been carried out at two key areas; 
the Zwartkops outlier where rocks of the Mesoarchean basement are in contact with the supracrustal 
sequences, and the Krugersdorp Game Reserve located ~ 15 km away from the core-superstructure contact, 
where only the superstructure is exposed. Three distinct phases of deformations are recognised in both 
areas. An early D1, event, possibly linked to E-W shortening produced subvertical to steep, N-S striking 
Ventersdorp-Witwatersrand Supergroup lithological contacts and steeply dipping bedding in Witwatersrand 
Supergroup quartzite. These structures could either represent faults, where the surrounding rocks are re-
oriented to parallel fault planes, or D1 structures might represent the limbs of a large-scale fold formed during 
possible E-W shortening.Steeply N-S striking Witwatersrand Supergroup quartzite bedding planes were 
transposed into F2 folds and fold axial planar schistosity during top-to-the-south or SW shearing D2 before 
the deposition of the Transvaal Supergroup. The D2 kinematics is inferred from the geometry of a newly 
recognised 100 m-scale overturned recumbent folding of Witwatersrand Supergroup quartzite at Zwartkops. 
Anticlinal folds with S-dipping axial planar cleavage in the BRF is, however, interpreted as having formed 
during D3 in response to N-S shortening. Thermal subsidence of the BIC tilted BRF bedding and F3 fold 
envelopes into their present-day gently N-dipping attitudes. Regional N-S shortening active during or after 
the deposition of the Transvaal Supergroup, can be related to the Transvaalide orogeny (Alexander et al., 
2006 and references therein) as well as to the Mohlapitsi fold and thrust belt to the north of the Johannesburg 
Dome (Basson and Koegelenberg, 2017, Fig. 7.2). Similar deformation is recorded in Botswana toward the 
northern present-day extent of Transvaal Basin? (Creus et al., 2017). Variations in fabric and strain intensities 
between the Zwartkops outlier and Krugersdorp Game Reserve can be explained by the location of these 
two key areas around the Johannesburg Dome, with the Zwartkops outlier located along the NW margin, 
and the Krugersdorp Game Reserve along the western margin of the Johannesburg Dome. During D1 the 
E-W margins of the Johannesburg Dome acted as a strain cap while the N-S margins are in a strain shadow 
position. The opposite is true for the D2 and D3 events. 
Geochronological studies of Zwartkops outlier rocks reveal a U-Pb zircon crystallisation age of 3225.6 ± 7.9 
Ma (MSWD = 3.4) for trondhjemitic protolith of upper schistose cataclasite at the Mesoarchean basement-
superstructure contact. This age agrees well with published ages for core granitoids of the Johannesburg 
Dome (Poujol and Anhaeusser, 2001). 40Ar/39Ar step heating of synkinematic and synmetamorphic mica 
produced four broad age populations related to multiple tectonothermal, hydrothermal or static thermal 
events in the central Kaapvaal Craton. The oldest ages recorded in this study include an age of 2196 ± 11 
Ma from Mesoarchean basement trondhjemite. The origin of this age is uncertain but may represent a mixed 
crystallisation age with younger deformation resulting in this near plateau age. The age of 2143 ± 13 Ma is 
interpreted to be the age of shearing in D3 shear zone and is similar to the ~ 2150 Ma age recorded in Transvaal 
Supergroup metapelites by Alexandre et al. (2006), interpreted as representing early Transvaalide fold and 
thrust belt deformation. 2105 ± 11 Ma and 2091 ± 12 Ma ages from tectonic quartzite breccia represent 
a static thermal event which correlates well with the timing of the T3 regional erosive unconformity of 
Cheney et al. (1989). The second age population sampled from S2 in Mesoarchean basement lower schistose 
cataclasite and Witwatersrand Supergroup quartzite overlaps well with the age of the BIC. ~ 2044 ± 12 Ma 
ages recorded from Witwatersrand Supergroup quartzite could represent the age of the Transvaalide orogeny 
as suggested by Alexandre et al. (2006) but seeing as Cl/K spectra could not be obtained for this sample it is 
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not sure that this age represents regional deformation rather than hydrothermal resetting by the BIC (Villa et 
al., 1997). It is likely that circulating hydrothermal fluids and regional metamorphism during the intrusion of 
the BIC significantly reset argon in micas defining S2. 
Similarly, for the third age population, consistently syn-VIS ages are obtained from S2 in Mesoarchean 
basement lower schistose cataclasite, (undeformed) trondhjemite and upper schistose cataclasite. The 
presence of calcite-filled tension gashes oriented at high angles to S2 and interpreted as post-D2 suggest that 
hydrothermalism affected the rocks of the Zwartkops outlier. The large syn-VIS age population is interpreted 
to reflect localised and complete resetting of argon isotopic system in micas by hydrothermal fluid circulation 
at the time of formation of the VIS. The final post-VIS age population consisting of two separate ages of 1959 
± 11 Ma and 1935 ± 11 Ma. These ages are thought to represent mixed ages of VIS and younger deformation 
of the Mohlapitsi fold and thrust belt (Basson and Koegelenberg, 2017, Fig. 7.2). Alternatively, they could 
represent the remote effect of extrusion of the Hartley volcanic rocks (Cornel et al., 2016) to the west of the 
Johannesburg Dome but for which the spatial extent is not known. 
In summary, the 40Ar/39Ar step-heating ages from this study do not date D1 and D2 deformation events at 
the Zwartkops outlier. Ages of D1 and D2 deformation events were not obtained either because of lack of 
metamorphic material (D1) and because of complete resetting of argon in synkinematic and synmetamorphic 
micas defining D2 structures. Ages overlapping with the deposition age of the Transvaal Supergroup represents 
possible deformation ages of the Transvaalide orogeny or Mohlapitsi fold and thrust belt (Fig. 7.2). Also, 
syn-BIC and syn-VIS ages recorded in S2 illustrate that pervasive hydrothermal activity from both events 
could have affected rocks at the Zwartkops outlier. Further work is needed to geochemically (via electron 
microprobe analysis or Laser ablation ICP-MS) separate hydrothermal and synkinematic mineral phases. 
Comparison of the structural characteristics of the Johannesburg Dome to those of well-known structural 
domes, it is apparent that the Johannesburg Dome is neither a metamorphic core complex nor a mantled 
gneiss dome formed by magmatic diapirism. The relationship of D1 (if D1 represents a period of early folding) 
versus D2 and D3 (periods of later folding) define type 1 fold interference which could produce dome and 
basin geometries. These comparisons are preliminary as more structural data from the Johannesburg Dome 
are needed, namely on its eastern margin. 
Another possibility is that the Johannesburg Dome did not form by the rise of its granitoid core, but rather 
as a basement high which repeatedly indented rocks of the superstructure during multiple phases of regional 
deformation recorded in this study. Despite a lack of decreasing strain intensity of structures developed 
from the core-structure contact outwards, a buttressing effect of the Johannesburg Dome on surrounding 
rocks could explain its dome geometry in outcrop (Fig. 7.9). In support of this basement high model, the 
Johannesburg Dome is thought to form part of the hinterland of the Witwatersrand Basin (Robb and Meyer, 
1990; Nwaila et al., 2017), making it likely that the core rocks of the Johannesburg Dome were exposed at the 
surface during the deposition of the Witwatersrand Supergroup. Considering the above, the Johannesburg 
Dome could represent a 50 km-scale dome formed by interference folding type 1 interference folding between 
D1, D2 and D3 structures. This study also shows how a possible Mesoarchean basement erosional remnant 
can record multiple phases of deformation and the complex tectonothermal and hydrothermal histories of the 
central Kaapvaal Craton.
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Appendix 1: microstructure appendix
All quartzite and pelitic schist microphotographs detailed below are Witwatersrand Supergroup rocks 
sampled from the Zwartkops outlier. 
A) XPL microphotographs of sample JD 14 in which the S0-S2 angular relationship is clear. 
B) A loose piece of schist (unnamed sample) with bedding-subparallel S2 in which microfolds are developed 
(XPL). 
C) Bedding-subparallel S2 composed of chlorite and biotite well developed in sample JD 136-1. Here 
symmetrical ‘haloes’ of chlorite surround around disseminated oxides (PPL).  
D) Sample JD 136-2 is carrying bedding and weak bedding-parallel S2 (PPL).
E) JD 35-2 containing a more significant proportion of oxides compared to stratigraphically lower pelitic 
schist, here biotite-rich S2 cross-cut S0, PPL. XPL image of pressure shadows developed symmetrically about
 F) an oxide (JD 35), where one ‘wing’ of the pressure shadow is composed of chlorite as compared to quartz 
in the opposing ‘wing’. 
G and H) Sample JD 132 which contains bedding-subparallel S2 composed of chlorite and biotite anastomose 
around preferentially removed shape preferred oxides. They are now expressed as holes in the thin section. 
Chlorite comprises pressure shadows developed around (still present) disseminated oxides (PPL). 
I) In sample, JD 143 S2 is oriented subparallel to S0 and is composed of biotite and chlorite aggregates (XPL). 
J) PPL image of sample JD 98, where S2 defined by biotite cross-cut S0.
K and L) show pelitic schist JD 75-1 and -2 respectively. Preferentially oriented chlorite defines well SW-
dipping S2 schistosity (PPL). 
M) Fine grained schist JD 137 in which weakly developed bedding occurs. S2 is apparent (XPL). 
N) Schistose quartzite JD 68 with white mica comprising SW-dipping S2 schistosity (XPL). Quartz grains 
show internal deformation as undulose extinction and deformation bands with straight to bulging grain 
boundaries. 
O) Quartz grains in quartzite JD 52 show evidence of crystal plastic deformation as undulose extinction 
and deformation bands. Dynamic recrystallisation processes are evident as quartz grains show bulging 
recrystallisation of grain boundaries and subgrain rotation (XPL). The sample is not oriented.
P) JD 137-2 well-sorted medium-grained quartzite, the sample is not oriented (XPL). There is little evidence 
of internal deformation. Quartz grain boundaries are straight with minor bulging recrystallisation.
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Q) XPL image of quartzite JD 60 with aggregates of smaller quartzite distributed among larger quartz 
grains. Quartz grains show slight undulose extinction and bulging grain boundaries.
R) XPL image of quartzite JD 97, not oriented. Quartz grains show weak undulose extinction and grain 
boundary morphologies are typically straight with minor bulging recrystallisation. 
S) Medium to coarse grained quartzite JD 142, sample not orientated (XPL). Quartz grains show little 
evidence of internal deformation. Bulging recrystallisation is clear along quartz grain boundaries. 
T) XPL image of poorly sorted quartzite 144, the sample is not oriented. Quartz grain boundaries are typically 
straight, and there is little evidence for internal deformation in quartz. 
U) Quartzite JD 71 showing grain size reduction of quartz grains. Quartz grain boundaries are typically 
straight with minor bulging recrystallisation where quartz grains impinge on one another.  
V) Quartzite sample JD 67 in which the preferred orientation of several quartz grains is noticeable; the 
sample is not oriented. Sericite is present in the matrix material.
W and X) S2 in quartz porphyry schist (JD 111) wraps around a quartz porphyroclasts, and a sericite-rich 
pressure shadow is developed on the northern side of the clasts. The southern side in comparison shows 
evidence of dissolution along the edge of the clast, dissolution seams in JD 111 parallel S2 schistosity.
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Appendix 2: supporting data for the plateau to near-plateau argon ages
 
Table 1: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 28_18 and duplicate 
JD 28_18_1.
Table 2: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 28-HP_3 and 
duplicate JD 44-28_3_1.
142
Table 3: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 28-2-S_7 and 
duplicate JD 28-2-S_7_1.
Table 4: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 44-13 and duplicate 
JD 44-13_2.
143
Table 5: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 44-2-1-HP_5_1.
Table 6: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 44-2(2)-D_9_1.
Table 7: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 30-1_17 and 
duplicate JD 30-1_17_1.
144
Table 8: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 30-1-1-S_6 and 
duplicate JD 30-1-1-S_6_1.
Table 9: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 27_15_1.
Table 10: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 62-2_54_1 and 
duplicate JD 62-2_54_2.
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Table 11: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 68_58_1 and 
duplicate JD 68_58_2.
Table 12: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 37_58_1 and 
duplicate JD 37_58_2.
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Appendix 3: disturbed age spectrum (JD 77 chlorite schist)
A sample of chlorite schist of the Mesoarchean basement (sample JD 77, Fig. 4.3) contains 400 to 600 µm-
sized white mica and chlorite defining the S2 schistosity and L2B mineral lineation. These white micas were 
hand-picked for analysis. The sample JD 77_57_2 was analysed once as it produced (A) a highly disturbed 
age spectrum and an unusable age. Intense argon loss due to weathering interpreted as the cause of the 
disturbed age. Argon age data for sample JD 77_57_2 summarised in table 15.
Appendix 4: disturbed age spectrum (JD 9-1 Mesoarchean basement pegmatite)
Granitic pegmatite cross-cutting gneissic granodiorite, domain 2 (Fig. 4.3) contains abundant white micas 
size fraction of 0.5 to 1 cm, which was hand-picked from sample JD 9-1. While appearing undeformed at the 
mesoscale, microscopic observations reveal that the sample has undergone crystal plastic deformation (see 
chapter 5). (A) 40Ar/39Ar release pattern is disturbed with weak sigmoid geometry. This geometry suggests 
the mixing of mica populations (Villa et al., 2014). Lower temperature steps record ages ranging from 1300-
1943 Ma, while higher temperature steps record ages in the order of 2200-2600 Ma. (B) Cl/K values appear 
mostly constant from low to high temperatures. Table 16 summarises argon age data for sample JD 9-1.
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Appendix 5: disturbed age spectra (JD 72 S2-bearing Mesoarchean basement)
White mica sized 50-100 µm are separated by suspension settling from a highly weathered sample of 
trondhjemite, domain 2 (locality JD 72, Fig. 5.8A). (A) Sample JD 72-2_59_1 and (B) its duplicate JD 72-
2_59_2, produced age spectra which are characterised by major staircasing producing ages of 1728.6 ± 9.4 Ma 
(91% 39Ar released, 8 steps included) and 1725.2 ± 10.1 Ma (82% 39Ar released, 7 steps included) respectively 
(Appendix 1C and D). (C) Ca/K spectrum for sample JD 72-2_59_1 appears fairly consistent from low to 
high-temperature steps, while (D) Cl/K spectrum for duplicate sample JD 72-2_59_2 shows a negative slope 
from low to high-temperature steps. This geometry suggests argon loss in the sample (reflected by younger 
ages in low-temperature steps) could be due to weathering (which is supported by the weathered and fragile 
appearance of the sample in hand specimen). Table 17 summarises the argon age data for sample JD 72-
2_59_1 and its duplicate.
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Appendix 6: disturbed age spectrum (JD 27 Mesoarchean basement shear zone, 
suspension settled)
Chlorite schist sampled from Mesoarchean basement shear zone (locality JD 27, domain 2, map structural 
chapter) contains synkinematic biotite and white, defining shear bands, internal schistosity and mineral 
lineation. This sample was suspension settled complementary to the hand-picking method to constrain the 
age of any smaller mineral population in the sample. Sample JD 27-2(2)-S_8_1 yielded (A) a hump-shaped 
age spectrum no plateau or pseudo plateau is developed at the crest of the hump, indicating contributions 
from more than one mica population (Villa et al., 2014). Mirroring this are (B) Ca/K release pattern showing 
a positive trend with increasing temperature steps and (C) sigmoid shaped Cl/K spectra, Low Ca/K and 
Cl/K ratios at low-temperature steps and high Ca/K and Cl/K ratios at high-temperature steps support mica 
mixing here. Table 18 summarises argon age data for sample JD 27-2(2)-S_8_1.
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Appendix 7: disturbed age spectrum (JD 27 Mesoarchean basement shear zone, 
hand-picked)
Sample JD 27-1(1)-HP-4 also sampled from Mesoarchean basement shear zone (locality JD 27, domain 2, 
map structural chapter) contains synkinematic biotite, and white mica sized 0.5-2 mm, which was hand-
picked for analysis. This mica produced (A) a wholly disturbed age spectrum with weak sigmoid geometry. 
(B) and (C) show Ca/K and Cl/K spectra which are also disturbed. Weak sigmoidal geometries suggest 
possible mica mixing (Villa et al., 2014), but it is also possible that argon loss due to weathering took place 
as the sample was very soft and fragile in hand specimen. Table 19 summarises argon age data for sample 
JD 27-1(1) -HP-4. 
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Appendix 10: zircon CL images
CL images of zircons analysed using LA-MC-ICPMS. JD 30 refers to the sample name, and – No. refers to 
the specific zircon analysed. Nomenclature on CL images matches those in Tables 13 and 14 summarising 
U-Pb data. Black open circles indicate the position of ablation spots.
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Appendix 11: supporting data for samples producing disturbed ages
Table 15: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 77_57_2.
Table 16: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 9-1.
Table 17: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 72-2_59_1 and 
duplicate JD 72-2_59_2.
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Table 18: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 27-2(2)-S_8_1.
Table 19: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 27-2(1)-HP_4.
Table 20: 40Ar/39Ar step-heating argon ages, Ca and Cl data per heating step for sample JD 75-2_56_1 and 
duplicate JD 75-2_56_2.
